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ABSTRACT: Hyperthermophilic organisms optimally grow close to the boiling point of
water. Asaconseguence, their macromol ecules must be much more thermostabl e than those
from mesophilic species. Here, proteins from hyperthermophiles and mesophiles are com-
pared with respect to their thermodynamic and kinetic stabilities. The known differencesin
amino acid sequences and three-dimensional structures between intrinsically thermostable
and thermolabile proteins will be summarized, and the crucial role of electrostatic interac-
tions for protein stability at high temperatures will be highlighted. Successful attempts to
increase the thermostability of proteins, which were either based on rational design or on
directed evolution, are presented. The relationship between high thermo-stability of en-
zymes from hyperthermophiles and their low catalytic activity at room temperature is
discussed. Not all proteins from hyperthermophiles are thermostable enough to retain their
structures and functions at the high physiological temperatures. It will be shown how this
shortcoming can be surpassed by extrinsic factors such as large molecular chaperones and
small compatible solutes. Finally, the potential of thermostable enzymes for biotechnology

is discussed.
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|. HYPERTHERMOPHILIC LIFE

Cdlular life depends on a highly com-
plex metabolic network, which is based on
the stabilities of macromolecules and of
metabolic intermediates. Regarding the low
thermal stability of metabolites such as
NAD(P)/H or ATP (Leibrock et al., 1995),
the upper temperature limit of life has been
estimated to liebelow 150°C (Stetter, 1999).

Hyperthermophiles are prokaryoteswith an
optimum growth temperature of 80°C or above.
Themaximum confirmed growth temperatureis
113°C for the archaeon Pyrolobus furmerii, a
fecultatively aerobic chemalithotrophic hydro-
gen oxidizer. This organism was isolated by
Stetter and colleagues from the hydrothermaly
heated wdll of adeep seavent (“black smoker”)
a the Mid-Atlantic Ridge (Blochl et d., 1997).
A dgnificant proportion of Pl. fumarii cellstaken
fromtheexponentia growth phasesurviveauto-
clavingfor 1 hat 121°C, which demondratesthe
extreordinary thermotolerance of this oecies.
About 70 hyperthermaophilic archaea have been
described to date. In contragt, only very few
hyperthermaophilic bacteriahavebeen cultivated,
belonging to the orders Thermotogales and
Aquificiales Themode organismsfor the sudy
of hyperthermophilic archaea and bacteria, that
is, those for which most informetion isavailable
to date, belong to the genera Pyrococcus and

Thermotoga, respectively.

A. Habitats, Diversity, and
Phylogeny

The main habitatsfor hyperthermophiles
include marine and terrestrial hot environ-

ments. The most spectacular marine habitats
are the hot “smoker” chimneys in the deep
sea, where water of 200 to 350°C isinjected
from below the sea floor into the cold (2 to
4°C) seawater. Therock wallsof these* black
smokers’ contain high concentrations of
hyperthermophiles. Hyperthermophileshave
also been isolated from active sea mounts
and from heated sediments in shallow sea
water. Terrestrial, natural environments in-
clude solfataric fields and hot springsin vol-
canic areas. Extremely thermophilic bacteria
and archaea were aso found in deep subsur-
face heated (~60 to 100°C) oil reservoirsin
Alaska, the North Sea, and Siberia (Stetter et
al., 1993; Slobodkin et a., 1999), but it can-
not be excluded that these organisms were
introduced by man on oil-prospecting activi-
ties. Finally, man-made habitats such as hot
coa refuse heaps or power plants used for
the exploitation of geothermal energy have
been scoured successfully for the presence of
extreme thermophilesand hyperthermophiles
(Stetter, 1999). In addition to these exotic
habitats, moderate or even extreme thermo-
philes can be isolated from quite common
places in our daily surroundings, for ex-
ample, thermophilic bacilli and clostridia
from compost pilesor Thermus speciesfrom
hot water boilers.

Novel microbiological isolation tech-
niques are now available for isolating and
characterizing new extreme thermophiles.
For example, the“ optical tweezers’ method
(Huber et al., 1995) allows for the recovery
of single prokaryotic cells for inoculation
into sterile growth media. In contrast to clas-
sic enrichment techniques, the isolated cell
is enabled to multiply without having to
compete with other microorganisms in the
sample. Cultivation-independent methods
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based on the PCR-aided amplification and
comparative analysis of 16S rRNA se-
guences have been applied to various ter-
restrial and marine hot water environments
(Barnset al., 1994; Hugenholtz et al., 1998;
Reysenbach et al., 2000; Yamamoto et a.,
1998). Theseinvestigations have shown that
the microbial diversity in extremely hot
habitats can be remarkably high in some
locations, while it may be limited in others.
While certain hot environments mainly host
Archaea, others have been shown to contain
Bacteria as their major constituents
(Reysenbach et al., 2000). For example, in
a sediment sample from Obsidian Pool of
Y ellowstone National Park theratio of Bac-
teria to Archaea + Eucarya has been esti-
mated at 75:1, while a sediment collected
from a different pool had a ratio of 1:1
(Hugenholtz et al., 1998).

Phylogenetic andysesbased on 165rRNA
comparisons indicate that hyperthermophiles
represent the deepest and shortest branchesin
the domains Archaea and Bacteria (Stetter,
1999), suggesting that they could have re-
tained archaic characteristics in their
biomolecul esand metabolism. Recent molecu-
lar phylogenetic studies of high-temperature
communities have identified further organ-
isms that root deeply in the bacterial and
archaedl domains (Hugenholtz et al., 1998)
and have even led to the proposa of the new
kingdom “Korarchaeota” within the Archaea
(Barns et al., 1996). Members of the
korarchaeota phylotypemay bewidely spread
in hot environments (Takai and Sako, 1999;
Reysenbach et d., 2000). Thelir further char-
acterization is hampered by the difficult task
of growing them in the laboratory, although it
has been possible to propagate korarchaeota
in stable mixed laboratory cultures (Burggraf
et a., 1997). It will be challenging to recog-
nize their specific growth requirements such
as oxygen tension, nutrient composition and
concentration, removal of toxic products of
metabolism and dependence on syntrophic
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partner organisms, and to obtain pure cultures
of these microorganismsfor the study of their
congtituents and metabolism.

B. Metabolism and Molecular
Adaptations

Most hyperthermophiles cultivated to
date are chemolithoautotrophic. These or-
ganisms can obtain their cell carbon from
carbon dioxide and display respiratory me-
tabolism, gaining energy from the oxidation
of sulfur, sulfides, hydrogen, or ferrousiron.
The most important electron acceptors are
oxygen (aerobic/microaerophilic respiration),
nitrate, ferric iron, sulfate, sulfur, or carbon
dioxide (anaerobic respiration) (Stetter, 1999).
Some of the chemolithotrophs, for example,
certain Thermoproteus, Pyrobaculum, or
Pyrodictiumspecies, arefacultative heterotro-
phs and can use organic nutrients. Other spe-
cies are obligate heterotrophs that gain en-
ergy ether via respiratory or fermentative
types of metabolism (Stetter, 1996, 1999).
Interestingly, novel metabolic pathwayshave
been detected in some hyperthermophilic
archaea. For example, glucose fermentation
in P. furiosus proceeds via a modified Emb-
den-Meyerhof-Parnas pathway involving a
glucokinase and a phosphofructokinase,
which are ADP-dependent as opposed to the
classic ATP-dependent enzymes found else-
where (Kengen et d., 1994, 1996; Tuningaet
al., 1999). Thermococcus zlligii was shown
recently to operate a novel glycolytic path-
way involving theformation of formatefrom
C-1in glucose via cleavage of a six-carbon
carboxylic acid (Xavier et a., 2000). Thus, it
appearsthat hyperthermophiles are excellent
sources for novel enzymes and metabolic
pathways.

The molecular mechanisms allowing or-
ganisms to cope with extremely high tem-
peratures are diverse, including specific ad-
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aptations on the levels of (a) the structures
and functions of macromolecules and cellu-
lar structures, (b) physiology and metabo-
lism, and (c) regulation of gene expression
and maintenance of DNA integrity. At least
three points deserve specia attention in this
context, namely, membrane, DNA, and pro-
tein stability and function at extreme tem-
peratures. With respect to the cell membranes,
it has been suggested that the tetraether lipid
monolayer membranes found in extremely
thermophilic archaeaare better suited for life
at high temperature than the bacterial bilayer
membranes composed of ester-type lipids:
ether links are more resistant to temperature
than ester links, and tetraether lipid mem-
branes display an extremely low proton and
ion permeability (van de Vossenberg et d.,
1998). Various mechanisms that help to
maintain the primary and secondary struc-
ture of DNA at the temperatures of hyper-
thermophilic growth have been discussed by
Grogan (1998).

This review is focused on the thermo-
stability of proteins. Under extreme condi-
tions of temperature, pH, and pressure,
amino acids can be damaged irreversibly by
deamidation, B-elimination, hydrolysis,
Maillard reactions, oxidation, and disulfide
interchange (Daniel et al., 1996; Jaenicke,
1998). As a result, above the boiling point
of water, the half-life of some amino acids
is significantly shorter than the generation
time of hyperthermophiles (Jaenicke and
Bohm, 1998). Furthermore, the hydrolysis
of peptide bonds sets theoretical limits to
protein stability by directly affecting the
integrity of the polypeptide chain at its most
basic level, the linear succession of amino
acid residues. Nevertheless, a number of
enzymes from hyperthermophiles are stable
and active at temperatures considerably
exceeding the upper growth limit of the
producing organism. For example, the
a-amylase from P. woesei and the L-
isoaspartyl methyltransferase from T. mar-

itima have been reported to display resis-
tance against thermal inactivation well above
the maximum growth temperatures of the
producing organisms, which are 105 and
90°C, respectively (Koch et al., 1991,
Ichikawa and Clarke, 1998).

Il. MEASURING THE STABILITY
OF PROTEINS

Proteins from thermophilic and
hyperthermophilic organisms are generaly
described in the literature to be very
(thermo)stable. However, the term “stabil-
ity” is used with quite different meanings.
Therefore, it seems appropriateto begin this
section with the various definitions of pro-
tein “stability”.

A. Thermodynamic Stability

Thermodynamic stability is the differ-
ence in the free energies between the folded
(F) and unfolded (U) states of a protein,
which is termed here AG,. AGg, can only
be determined if the two-state model of
unfolding applies:

F==U Q)

where F is the native, folded structure, and
U isthe reversibly unfolded state; k,, and k;
are the rate constants for unfolding and
(re)folding, respectively. The two-state
model impliesthat (a) the unfolding of F to
U is reversible and (b) only F and U are
populated, that is, significant amounts of
folding intermediates are absent. From the
equilibrium constant K = k /k; = [U]/[F],
AGg, can be calculated as follows:
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AGg, = — RTINK )

At the standard temperature of 25°C,
AG, values are generally determined by
the analysisof protein unfolding induced by
denaturants such as urea or guanidinium
chloride (Pace and Scholtz, 1997). The de-
gree of unfolding that isinduced by agiven
denaturant concentration [D] is measured
by fluorescence and/or circular dichroism
(CD) spectroscopy (Schmid, 1997). The
normalized spectroscopic signals yield K
and thus AG, (cf. Equation 2) asafunction
of [D]. Assuming a linear relationship be-
tween AGg, and [D], both AG in the ab-
sence of denaturant (AGg, (H,0O)) and the
m-value, which is a measure of the depen-
dence of AG, on [D], can be determined
(Pace and Scholtz, 1997):

AGg, = AGg, (H,0) —m [D] ©)

AG, values for mesophilic proteins are
often in the range of 30 to 60 kJ/mol, which
is equivaent to a few hydrogen bonds or
hydrophobic interactions (Pfeil, 1998). At
25°C, AGg, values of thermophilic proteins
are not necessarily higher than those of me-
sophilic proteins. The temperature at which
U and F are equally populated (K = 1 and
AG, = 0) is called the melting temperature
T, which is often used as a measure of the
thermal stability of a given protein.

In order to obtain AGg, over a broad
range of temperatures, the enthalpy change
(AH) and heat capacity difference (AC)
between U and F can be determined by
analyzing the thermal unfolding process
(Pace and Scholtz, 1997). To this end, dif-
ferential scanning calorimetry (DSC) and
spectroscopic techniques (mostly CD) are
used, which provide complementary results.
DSC yields the enthalpy change of unfold-
ing, AH®, which is model-independent. In
contrast, CD yieldsAHva"tHof whichisbased
on the two-state mode!:
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d(InK)/d(L/T) = — AHva'tHolf/R — (4)

Consequently, avaue of AH®/AHvat Hoff
closeto unity provesthe validity of thetwo-
state model (Privalov, 1979).

AH increases with temperature, because
U has a higher heat capacity than F:

d(AH)/dT = AC, (5)

For the determination of AG, asafunc-
tion of temperature, AH must be determined
only at a single temperature. Thisis gener-
aly the melting temperature T,,, a which
AH istermed AH,,. AC, is often determined
from the slope of a plot of AH,, vs. T, (cf.
Equation 5). To this end, DSC measure-
ments are performed at various pH values,
which results in a variation of T, and a
concomitant variation of AH,, (Privalov and
Khechinashvili, 1974).

With the knowledge of T, AH,, and
AC,, AGg, as afunction of temperature is
calculated with the Gibbs-Helmholtz equa-
tion:

AGey(T) = AHL(1-T/T,) = AC[(T,,-T) + T
In(T/ T,)] (6)

Taking into account the following rela-
tionship between AC,,, AH,,,, and the entropy
change after unfolding, AS:

AS(T) = AS, - AC(Tp =T T,
= AH/ T, = AC, (T = T) Th ©)

Equation 6 can be rewritten:

AGey(T) = AH, =T AS, —AC[(T, - T) + T
In(T/ T,)] (8)

Figure 1 shows a schematic profile of
the AG,,(T) function. It is a skewed pa
rabola and intersects the x-axis twice, indi-
cating that unfolding occurs both at low and
high temperatures. The T, value of a pro-
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v

Temperature (°C)

FIGURE 1. The T,, value of a protein can be increased by various strategies. Schematic represen-
tation of AGg, which is the difference in free energy of the unfolded and the folded state of a protein
as a function of temperature. Compared with the AGg, function of a hypothetical thermolabile
protein (——) with T_(m), the AG., functions of hypothetical thermostable proteins can be up-
shifted (— — — -), right-shifted (- - — - — - ), or flattened (------- ), resulting in a higher T,, value (T,(t)).
V¥V indicates the temperature at which AGg, reaches its maximum (T,.). Because the AGy,
functions are skewed parabolas, cold denaturation is also expected to occur, albeit normally far

below 0°C.

tein can be increased by up-shifting, right-
shifting or flattening of the AG.(T) func-
tion, or by any combination of the three.

The slope of the AGL,(T) function is
given by:

d(AG)/dT = - AS 9)
Therefore, at the temperature (T,,) of

maximum thermodynamic stability: AS = 0.
It follows from

AGg, = AH — TAS (10)

that at T, AGq, is exclusively based on
enthalpic contributions.

The curvature of the AG,(T) function
is determined by AC,,, because

P(AG)/AT? = — AC/T (12)

In other words, the smaler AC,, the flatter
the curve and the higher the T, (cf. Figure 1).

It has been shown that, to afirst approxi-
mation, AC, isalinear function of the number
of amino acids of a protein (Myers et 4.,
1995), and that AC, is correlated with the
surface area of a protein that is hydrated after
unfolding (= changein accessible surface area,
AASA; Murphy and Freire, 1992). Because
smal proteins have a comparably smaller
hydrophobic core than large proteins, the ob-
served correlations of AC, with the number of
amino acids and with AASA highlight differ-
ent views of the same physical phenomenon.

B. Kinetic Stability

The thermal unfolding of most meso-
philic and thermophilic proteins is irrevers-
ible, mainly due to the aggregation of the
unfolded state U, and therefore cannot be
analyzed by equilibrium thermodynamics. A
simple modéd for irreversible unfolding is
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l'(u ki
(12)

F=—=U —— X

ke

where X istheirreversibly unfolded state and
k; istherate constant for the transition from U
to X. Inthe case of irreversible unfolding, the
measured rate of theoverall processfromF —
X is termed k,=(k,k)/(ketk;), and the half-
life t, is given by In2/k . k.. & a given
temperature is used frequently as an opera-
tional measure of stability. Sometimes, aso
the half-inactivation temperature is used, that
isthe temperature at which haf of the protein
is unfolded after a given time of incubation.
According to the model represented by Equa-
tion 12, the upper limit of k. is set by k,
because only U (and not F) will undergo an
irreversibletrangtion. AsPlazadel Pinoet d.
(2000) point out, this might be of specid rel-
evance for thermophilic proteins. At the high
physiological temperatures of thermophiles
irreversible processes, such as aggregation or
covaent modification of thermally labileamino
acidsresidues, will be fast and therefore k; >>
ki and k. ~ k. For thisreason, alow k, value
isimportant to kinetically protect thermophilic
proteins, especialy invivo. Aswewill seg, in
the few cases where k,, could be measured for
athermophilic protein, itsvalueismuch lower
than that of the homologous mesophilic pro-
teins.

C. Comparing the Stabilities of
Mesophilic and Thermophilic
Proteins

There is only alimited number of ther-
mophilic proteinsthat undergo fully revers-
ible unfolding and for which the AGg,(T)
function can be determined. Most of these
proteins are small, monomeric, and consist
of a single structura domain. In order to
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highlight their specific adaptation strategies,
they will be compared here with their meso-
philic homologues, as far as corresponding
data are available. An increased thermody-
namic stability of a given protein can be
either due to a lower rate of unfolding and/
or a higher rate of (re)folding. It is impor-
tant to elaborate, under mechanistic and
physiological aspects, which stabilization
strategy was actually chosen by nature for a
given protein. The few proteins for which
the rates of unfolding and (re)folding could
be measured are therefore discussed in some-
what more detail.

Sso7d from Sulfolobus solfataricus and
Sac7d from Sulfolobus acidocaldarius are
small DNA-binding proteins that consist of
about 65 amino acid residues and show T,
values of 98 and 91°C at physiological pH
values (Knapp et al., 1996; McCrary et a.,
1996). Both Sso7d and Sac7d undergo re-
versibletwo-state unfolding. Their AG.(T)
functions are shallow and the high T, val-
ues are due to small AC, values, which are,
however, similar to the corresponding val-
ues of mesophilic proteins of comparable
size. At physiological growth temperatures,
both proteinsare only marginally stablewith
aAGg, of about 4 to 8 kJmal.

Ferredoxin from T. maritima is a small
single-domain protein with 60 amino acid
residues residues and a 4Fe-4S cluster. The
cluster irreversibly decomposesin solution,
rendering unfolding irreversible. Neverthe-
less, a thermodynamic analysis could be
performed asall significant enthal py changes
are assumed to occur during the reversible
unfolding of the polypeptide chain, whichis
before the irreversible loss of the cluster.
The AG, (T) curve is both up- and right-
shifted compared with thermolabile
metalloproteins (cf. Figure 1), resultingin a
T, value of 125°C (Pfeil et al., 1997).

RNAsesH from Thermus thermophilus
and Escherichia coli consist of about 160
amino acid residues with a sequence iden-
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tity of 52% and an rms deviation for the Ca
atoms in secondary structural elements of
only 0.95 A. This pair of closely related
mesophilic and thermophilic enzymesiswell
suited for a comparative thermodynamic
investigation (Hollien and Marqusee, 1999).
To avoid unwanted cysteine chemistry, all
cysteine residues in both proteins were re-
placed by serineor aanine. The correspond-
ing variants were reversibly unfolded by
GdmCl, yielding AGg, values at various
temperatures. Fitting of these data points to
the Gibbs-Helmholtz equation (Equation 6)
yielded AC,, AH, and T, and allowed to
generate the entire AG.(T) function. Inter-
estingly, although both enzymes are of simi-
lar size and, according to their crystal struc-
ture, should undergo similar changes in
accessible surface area after unfolding
(AASA), AC, is significantly lower for the
thermophilic RNAseH (7.5 kJ/mol/K) than
for its mesophilic counterpart (11.3 kJ/mol/
K). This results in a flatter AG.,(T) curve
for T. thermophilus RNAse, which is addi-
tionaly up-shifted. Consequently, the T,
value of the thermophilic enzyme is 20°C
higher than that of from the mesophile (86
vs. 66°C). Remarkably, at the respective
physiological temperatures of T. thermo-
philus and E. coli, the two enzymes show
similar AGg, values.

A particularily interesting and well-stud-
ied monomeric protein is rubredoxin from
Pyrococcus furiosus (pRdx), which consists
of 53 amino acid residues and an Fe** ion
that is complexed by four cysteine residues.
As for T. maritima ferredoxin referred to
above, therma unfolding of pRdx is irre-
versible, but itsthermodynamic stability can
be measured by hydrogen exchange in D,O
under native conditions (Hiller et a., 1997).
The structural basisfor these measurements
is that hydrogen bonds are continuously
formed and broken, even in the native state
of aprotein. Theamide protons of hydrogen
bonds in the so-called closed conformation

are protected from exchange with deuterons
in the bulk solvent. However, hydrogen
bonds are broken in the open conformation,
allowing theirreversible exchange of amide
protons with solvent deuterons according to
the following scheme:

kop kch
closed === open —> exchanged
kcl
(13)

Ko Ko @d Ky, are the rate constants for the
opening, the closing and the exchange reac-
tion. Under so-called EX, conditions, where
the closing reaction is much faster than the
exchange reaction (k, >> k), there is a
preequilibrium between the closed and the
open conformation that is described by the
equilibrium constant K ,,=[open]/[closed] =K,/
k4. Theobserved overall exchangerateisgiven
by Ke=K gKehe From the so-called amide pro-
tection factor 1/K =k /K, the free energy of
the hydrogen bond opening reaction (AG,;y)
can be calculated according to

AGyy = — RTINK,, (14)

Hiller et al. (1997) replaced the para-
magnetic Fe of native pRdx by diamagnetic
Zn, which is favorable for following the
exchange of assigned hydrogen atoms by
NMR. Under the assumption that the slow-
est exchanging amide protons, namely, those
of the metal-complexing cysteines, exchange
by global unfolding of pRdx, the minimum
global stability AG of the protein is equal
to AG,,, of these hydrogens. The correspond-
ing AG,(T) function yielded a thermody-
namic stability of 63 kJmol at 100°C and
an extrapolated T,, value of about 185°C,
which makes pRdx the most thermostable
protein investigated to date. In comparison
to exceptionaly thermostable proteins of
nearly identical size from mesophiles, the
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stability curveis considerably up-and right-
shifted (cf. Figure 1). When pRdx is ther-
mally unfolded at pH 7, an apparent (non-
equilibrium) T, value of about 110°C is
measured (Cavagnero et al., 1995). This
discrepancy between the two T,, values
means that irreversible unfolding occurs at
temperatures where U is not significantly
populated, suggesting that k, isratelimiting
for the overall process from N to X (cf.
Equation 12). In accordance with this hy-
pothesis of kinetic protection, at pH 7 and
100°C, the overall rate constant constant of
irreversible unfolding of pRdx isonly about
2:10°%s?! (Cavagnero et al., 1998).

The cold-shock proteins (Csp) from the
mesophile Bacillussubtilis (Bs-Csp), thether-
mophile Bacillus caldolyticus (Bc-Csp), and
the hyperthermophile T. maritima (Tm-Csp)
are monomeric, al-f proteins that bind to
single-stranded nucleic acids. They contain
about 67 amino acid residues, 42 of which
areidenticd in all three proteins. Both ther-
mal- and guanidinium chloride induced un-
folding are reversible, and the observed T,,
vauesin 0.1 M salt a neutral pH are 50°C
for Bs-Csp, 72°C for Bc-Csp and 85°C for
Tm-Csp (Perl et d., 1998). Therate constants
k. of folding at 25°C are similar for the three
proteins and range between 565 s* and 1380
sl In contrast, unfolding kinetics are very
different: k, = 10 s* for Bs-CspB, 0.6 s for
Bc-Csp, and 0.018 st for Tm-Csp. These
results support the hypothesis that thermo-
philic and hyperthermophilic proteins are
kinetically stabilized compared with their me-
sophilic counterparts.

Thereare at least two well-documented
cases in the literature, where the thermo-
dynamic stability of homologous dimeric
proteins from organisms of quite different
growth temperatureswere compared. These
are the archaeal histones (Li et al., 1998)
and dihydrofolate reductases from T. mar-
itima and E. coli (Dams and Jaenicke,
1999).
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The histones from the mesophile
Methanobacterium formicium (optimum
growth at 43°C; HFoB), and from the
hyperthermophiles Methanothermus
fervidus (optimum growth at 83°C; HMfA
and HMfB) and Pyrococcus furiosus (op-
timum growth at 100°C; HPyAl) are
homodimers of subunits with about 68
amino acids and about 82% sequenceiden-
tity. They unfold according to the follow-
ing scheme:

F, (==2F) 2U (15)

that is, structured monomers F do not
accumulate (Li et al., 1998). The stabil-
ity of these histones was compared in
terms of temperature, pH, and salt. Be-
cause the stability of reversibly unfold-
ing oligomeric proteins is concentration
dependent, the T, and T, values were
compared at an extrapolated subunit con-
centration of 1 M. At pH 5 and 0.2 M
salt, the following T, /T, values were
determined: 75°C/32°C (HFoB), 104°C/
35°C (HMfA), 113°C/40°C (HMfB),
114°C/44°C (HPyA1l). The AC, values
are similar in the four proteins and the
higher T, values of the hyperthermophilic
proteins are achieved by an up- and right-
shifting of the AG.,(T) function (Figure
2). Although the difference between the
maximum thermodynamic stabilities of
HPyA1l and HfoB amounts to 42 kJ/mol,
all four histones are comparably stable at
the corresponding optimum growth tem-
peratures in accordance with the concept
of corresponding states (Jaenicke, 1991).
At low salt, HFoB, HMfA, and HMfB
are far more labile. Along these lines,
the three host organisms have high intra-
cellular salt concentrations.
Dihydrofolate reductase is a homo-
dimer in T. maritima (tDHFR), but a
monomer in most mesophilic organisms.
As observed for the archaeal histones,
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FIGURE 2. Hyperthermophilic histone proteins have higher AG, and T, values than their meso-
philic homologues. AGg, functions of hyperthermophilic HPyAl (CJ), HMfA (O), HMfB (¢), and
mesophilic HFoB (¢ ), at pH 5in 0.2 MKCI. (Reprinted with permission from Li, W., Grayling, R.A.,
Sandman, K., Edmondson, S., Shriver, J.W., and Reeve, J.N. Biochemistry 37: 10563-10572.

Copyright (1998) American Chemical Society.)

tDHFR unfolds according to Equation 15
(Dams and Jaenicke, 1999), and T, at
an extrapolated subunit concentration of
1 Mis35°C. The AG.,(T) function is not
flattened, but up- and right-shifted com-
pared with that of mesophilic homo-
logues, as observed for pRdx and the
hyperthermophilic histones. The unfold-
ing of tDHFR is extremely slow, at 15°C
k,=4.6-10*? s, which isabout 108 times
less than observed with the monomeric
DHFR from E. coli (eDHFR) under iden-
tical conditions. Even at 55°C, k, of
tDHFR is 105 times smaller than k, of
eDHFR at 15°C. In contrast, the folding
rates k; of tDHFR and eDHFR are in the
same order of magnitude, again support-
ing the concept of kinetic stabilization of
thermophilic and hyperthermophilic pro-
teins.

D. Summary

The AG(T) function of a protein de-
terminesits T,, value, which isthe tempera-
ture at which half of the protein molecules
are native and the other half are unfolded.
Nature has used al possible strategies to
increase the T, value of thermophilic pro-
teins, namely, the up-shifting of the AG,(T)
function to higher AG, values, its right-
shifting to higher temperatures, and its flat-
tening due to a decreased AC, value of un-
folding. In some thermophilic proteins one
of these strategies dominates, in others a
combination of two of them is observed.
There are only few proteins, for which both
the rates of unfolding and (re)folding could
be measured. In all cases, the higher ther-
modynamic stability of the thermophilic
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proteins appears to be due to a decreased
rate of unfolding.

I1l. ELUCIDATING THE
STRUCTURAL BASIS OF
PROTEIN THERMOSTABILITY

It was shown in the previous section
that proteins from (hyper-) thermophilesin
genera areintrinsically far more stable than
proteins from mesophiles. There is enor-
mous interest to reveal the structura basis
of these stability differences, not only to
understand mechanisms of high-tempera-
ture adaptation but also to be able to design
proteins with a desired combination of sta-
bility and function (Hough and Danson,
1999).

Numerous studies have identified anum-
ber of potential interactions that nature may
use to render proteins extremely thermo-
stable (Jaenicke and Bohm, 1998). Among
them are (1) an increase in the number of
hydrogen bonds, (2) additional or improved
electrostatic interactions caused by salt
bridges or networks thereof, (3) optimized
hydrophobic interactions, (4) increased com-
pactness or packing densities, (5) increased
polar compared with non-polar surface ar-
eas, (6) increases in o-helical content and
a-helix stability, (7) the (improved) binding
of metal ions, (8) improved fixation of the
polypeptide chain termini to the protein core,
(9) replacement of residues with energeti-
cally unfavourable conformations by gly-
cine, (10) truncation of solvent-exposed
loops, (11) a higher number of prolines and
[3-branched amino acidsin loops, (12) asso-
ciation to oligomers, (13) reduction of the
content of the thermally labile amino acids
asparagine, glutamine, cysteine and methion-
ine. Thislist shows that stabilizing features
can occur at all structura levels, from the
amino acid sequenceto the quaternary struc-
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ture of proteins. It is evident that some of
these features are mutually interdependent;
for example, a dimeric protein has a larger
change in solvent-accessible surface area
after unfolding (AASA per subunit), com-
pared with a monomeric one.
Thepotentially stabilizing featureslisted
above were mainly identified by comparing
the X-ray structures of homologous pairs of
mesophilic and (hyper)thermophilic pro-
teins. However, the many neutral mutations
that accumulate during divergent evolution
makeit difficult to identify the crucia amino
acid differences by mereinspection of struc-
tures. Furthermore, the presence or absence
of few stabilizing increments might account
for significant stability differences (Jaenicke
et a., 1996). Another difficulty arises from
the temperature-dependence of stabilizing
interactions. It was suggested that hydro-
phobic interactions, which are entropic at
room temperature but become enthapic at
higher temperatures, reach their maximum
stabilizing effect at 75°C (Makhatadze and
Privalov, 1995). Recent theoretical studies
suggest that the stabilizing effect of electro-
static interactions increases with increasing
temperature (Elcock, 1998; de Bakker et al .,
1999; Xiao and Honig, 1999; cf. Section
D). Data on the temperature dependence of
other stabilizing interactions are sparse.
For these reasons, it is not yet possible
to deriverulesthat govern high protein ther-
mostability. Asoutlined above, the identifi-
cation of stabilizing interactionsis a search
for small differences against a huge back-
ground. Consequently, only large-scale com-
parisons of amino acid sequences and three-
dimensional structures will provide
statistically significant differences. The
growing amount of whole genome sequences
from mesophilic and (hyper)thermophilic
organisms and the enormous speed with
which new X-ray structure become avail-
able, now allow systematic comparisons
between proteins from mesophiles and
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(hyper)thermophiles that promise a more
genera insight into the problem.

A. Comprehensive Comparisons
of Amino Acid Sequences and
Three-Dimensional Structures

1. Comparison of Amino Acid
Composition and Sequences
between Entire Genomes

Recently, in several studies the amino
acid compositions of mesophilic and
hyperthermophilic proteins were compared
on the level of whole genomes. Haney et dl.
(1999) aligned the sequences of 115 proteins
from the hyperthermophile Methanococcus
janaschii, which hasan optimum growth tem-
perature of 85°C, with homologous proteins
from several mesophilic Methanococcus spe-
cies, which have optimum growth tempera-
tures of about 35°C. The advantages of this
approach are that (1) multiple, diverse pro-
teins are compared to diagnose common fea-
tures; (2) the high sequence identity of about
70% between the compared proteins mini-
mizes the noise that is due to phylogenetic
differences; (3) thevery different growth tem-
peratures emphasi ze the essential properties;
(4) thesimilar G + C content of the compared
genomes minimizes potential biasdueto dif-
ferent amino acid usage. Theresultsare sum-
marized in Table 1. Most significantly, there
is a decrease in hyperthermophilic proteins
in the content of the uncharged polar resi-
dues GIn, Asn, Thr and Ser, which resultsin
anet lossof nineof theseresiduesinatypica
(300 residues) polypeptide chain. GIn and
Asnresiduesare proneto deamidation, which
can be catalyzed by Ser and Thr residues of
the protein (Wright, 1991). In contrast,
hyperthermophilic proteins show anincrease
in the content of charged amino acid resi-

dues, especiadly Glu, Arg and Lys, which
results in a net gain of 6.5 charged residues
in a typical protein. The described trends
apply to about 88% of the compared proteins
and wereessentially confirmed by Cambillau
and Claverie(2000), who compared theamino
acid compositions of proteins from 22
mesophiles and seven hyperthermophiles.
Their analysis of a large number of three-
dimensiona structures suggests that the ex-
tra charged residues are located in solvent-
accessible regions at the surfaces of the
hyperthermophilic proteins.

Chakravarty and Varadarg an (2000) note
that the average thermophilic protein contains
268 * 38 amino acid residues and is signifi-
cantly smaler than the average mesophilic
protein, which contains 310 + 16 residues.
This could be a significant finding, because
small proteins show a lower heat capacity
change after unfolding, AC,, compared with
larger ones (cf. Section11.A). Low AC, values
result in aflattening of the AG,(T) function
(Equation 11) and, as a consequence, an in-
creaseof T,,. Thompson and Eisenberg (1999)
asofind that thermophilic proteins are shorter
than their mesophilic homologues, due to
shorter solvent-exposed loops. Genera ther-
modynamic considerations suggest that short-
ening of solvent-exposed loops would lower
the entropy gain after unfolding and increase
theT,, value. Themain point isthat adecrease
in the conformational entropy of the native
state by loop shortening would be small and
restricted to the loop itself. In contrast, loop
shortening would have a multiplicative effect
on the number of conformationsfor the entire
chain in the unfolded state.

2. Systematic Comparisons of
Structures

In a number of comprehensive studies
the three-dimensional structures of thermo-
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TABLE 1

Change in Amino Acid Composition Going from Proteins of Mesophiles to Proteins of

Thermophiles

Amino acid Gains Losses Ratio Net change Change,%
Ile 842 658 1.28 184 9.5
Glu 739 562 1.31 177 9.1
Arg 383 214 1.79 169 16.5
Lys 789 620 1.27 169 8.3
Pro 167 96 1.74 71 7.0
Tyr 224 177 1.27 47 5.8
Ala 504 458 1.10 46 2.8
Trp 23 11 2.09 12 8.3
Leu 560 548 1.02 12 0.6
Cys 72 69 1.04 3 0.9
Phe 200 202 0.99 -2 -0.3
Asp 429 432 0.99 -3 -0.2
Val 666 670 0.99 -4 -0.2
His 80 92 0.87 -12 -2.8
Gly 201 264 0.76 -63 -3.4
Met 174 248 0.70 =74 -11.3
Gin 158 234 0.68 -76 -13.1
Thr 336 431 0.78 -95 -8.4
Asn 313 481 0.65 -168 -15.9
Ser 271 664 0.41 -393 -31.7

Reprinted with permission from Haney, P. J., Badger, J. H., Buldak, G. L., Reich, C. I., Woese, C. R,,
and Olsen, G. J. Proc. Natl. Acad. Sci. USA 96: 3578-3583. Copyright (1999) National Academy of

Sciences, U.S.A.

philic and mesophilic proteins were com-
pared with respect to different criteria
Szilagyi and Z&vodszky (2000) generated a
nonredundant data set containing al avail-
able high-quality X-ray structures of mono-
mers and subunits of thermophilic proteins
and their mesophilic counterparts. Subunit-
subunit interactions in oligomeric proteins
were ignored. The resulting data set con-
tained 29 thermophilic and 64 mesophilic
subunit structures that were compared with
respect to hydrogen bonds, secondary struc-
tures, polarity of surfaces, cavities, and ion
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pairs. The proteins were catagorized in 25
different structural families, each of which
contained at |east one thermophilic and one
mesophilic protein. A distinction was made
between proteins from thermophiles with
optimum growth temperatures between 45
and 80°C (Syg4, 24 structures) and those
with optimum growth temperatures of about
100°C (S, five structures). A given prop-
erty of aparticular thermophilic protein was
compared with the average property of its
mesophilic homologues. The most impor-
tant results are as follows. Thereis no sig-
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nificant difference between mesophilic and
thermophilic proteins with respect to the
(normalized) number of hydrogen bonds and
the (normalized) number of unsatisfied hy-
drogen-bond donors plus acceptors. Only a
weak positive correlation between growth
temperature and secondary structure con-
tent was observed, and the ratio of polar to
apolar surface areas did also not differ sig-
nificantly between mesophilic and thermo-
philic proteins. However, the total surface
area of cavities and especially their (nor-
malized) number is significantly decreased
in S, but unchanged in S, 4, The most
prominent difference between mesophilic
and thermophilic proteinswas detected with
respect toion pairs. The authorsdivided ion
pairs into different categories according to
the maximum distances between the posi-
tively charged nitrogen and the negatively
charged oxygen atom (N-O distance) of the
involved basic and acidic amino acid side
chains. The N-O distance limits were set to
4.0, 6.0, and 8.0 A, corresponding to a
“weakening” of the electrostatic attractions
in this order. Potentia ion pairs involving
histidine residues were not considered, be-
causeitisdifficult to decidewhether agiven
histidine side chain is charged in a protein.
A significant increase in the (normalized)
number of ion pairsis observed in thermo-
philic proteins; in S, g, Weaker ion pairs
dominate, whereas in S, also stronger ion
pairs areimportant (Table 2). From the cor-
relation of the number of ion pairs with the
optimum growth temperature, 4 additional
strong and 14 additional weaker ion pairs
are expected in a 300-residue protein from
an organism growing at 80°C compared with
that from an organism growing at 30°C.
When the protein families are analyzed in-
dividualy, it seems that most stabilizing
features are used only in some families, that
is, each protein family uses a specific com-
bination of stabilizing interactions. It is not
clear, why S, ¢, and S, proteins use some-

what different strategies. This could be due
to the temperature dependence of the indi-
vidual interactions and/or due to phylog-
eny, as al Sy, are from archaea.

In asimilar investigation, Kumar et a.
(20004) created a nonredundant data set of
18 different protein families, each of which
contained homol ogous mesophilic and ther-
mophilic representatives. In contrast to the
study of Szilagyi and Z&vodszky (2000),
the comparison also included subunit-sub-
unit interactions. The proteins were com-
pared according to the following criteria
compactness or packing density (ratio of
solvent accessible area of the protein to
surface area of a sphere with the same vol-
ume as the protein; the smaller the value,
the more compact or the better packed is a
protein); hydrophobicity (fraction of the
buried non-polar area out of the total non-
polar area); polar and non-polar surface areas
(fraction of the polar exposed areaout of the
total exposed area; and fraction of the polar
buried area out of the total buried area);
protein size (as reflected in different oligo-
meric states or insertion/deletion of resi-
dues); Pro residues in loops; helical con-
tent; helix stability (as inferred from the
fraction of helix-favouring and helix-disfa-
voring residues); main chain-main chain,
main chain-side chain and side chain-side
chain hydrogen bonds, ion pairs with an N-
O distance cut-off of 4 A; amino acid com-
position. From each family the structurally
most similar thermophile-mesophile pair
with the highest resolution was compared.
For most of the applied criteria there were
no consistent trends among the families.
The compactness, hydrophobicities, and
polar and non-polar surface areas are not
different, both for monomeric and oligo-
meric mesophilic-thermophilic protein pairs.
Also, there was no significant difference
detected with respect to the protein size and
the number of Pro residues in loops. How-
ever, thermophilic proteins contain a higher
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TABLE 2

Systematic Comparison of the Structures of Proteins from Mesophiles, Thermophiles,

and Extreme Thermophiles

Property Correlation with Change in proteins Change in proteins
temperature from moderately from extremely
thermophiles thermophiles
Cavities number { 0 1l
volume ! T l
area d T A
Hydrogen number 0 0 0
bonds
un- 1 l l
satisfied
Ton pairs <40 A i T (NN
<6.0A Ll ™ 7
<80A M "1 M1
Secondary o 0 T 0
structure
B T 0 )
irregular d: s &
Polarity of ~ exposed AR L 0
surfaces
buried 0 i T

Note: The number of arrows (1, 2 or 3) shows whether the represented correlation or change is
considered insignificant, moderately significant or highly significant.

Reprinted from Structure 8: Szilagyi, A. and Zavodszky, P. Structural differences between mesophilic,
moderately thermophilic and extremely thermophilic protein subunits: results of a comprehensive
survey, pp 493-504, Copyright (2000), with permission from Elsevier Science.

fraction of residues (32.0%) in a-helices
compared with mesophilic proteins (25.4%),
and their helices seem to be more stable: the
fraction of the helix-disfavoring residues
His, Cys, and Proresiduesin helicesislower
in thermophilic proteins than in mesophilic
proteins, whereas the fraction of the helix-
favoring Arg residuesishigher. Onthelevel
of the amino acid content, the proportions
of thethermolabile residues Cysand Ser are
significantly lower, while Arg and Tyr are
more frequent in thermophilic proteins. In
accordance with Szilagyi and Z&vodszky
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(2000), salt bridgesand sidechain-sidechain
hydrogen bonds are more frequent in ther-
mophilic than in mesophilic proteins (Fig-
ure 3).

In a computational study, the number
and the electrostatic energies of the salt
bridges found in the subunits of the
homohexameric glutamate dehydrogenases
from the hyperthermophile P. furiosus
(pfGDH; T,, = 113°C) and from the meso-
phile Clostridium symbosium (csGDH; T,,
= 55°C) were compared (Kumar et a.,
2000b). pfGDH and csGDH show an amino
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FIGURE 3. Thermophilic members of most investigated protein families contain an in-
creased number of side chain-side chain hydrogen bonds (SS H-bonds) and salt bridges.
The structurally most similar mesophilic-thermophilic protein pairs within each of the 18
investigated families were compared with respect to several properties. For each subplot,
the numbers at the x-axis denote a particular protein family, while the y-axis represents the
percent change in the property indicated at the top. A positive change indicates that the
thermophilic family member has a higher content than the mesophilic family member. The
N-O distance limit for salt bridge formation was 4 A. The data on interfaces are available
only for eight families. (Reprinted with permission from Kumar, S., Tsai, C.-J., and Nussinov,
R. Prot. Eng. 13: 179-191. Copyright (2000) Oxford University Press.)
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acid sequence identity of 34%, and their
backbones superimpose with an rms devia-
tion of 1.38 A. The N-O distance cut-off for
the formation of asalt bridgewas set to 4 A.
A salt bridge was classified as being “ex-
posed” if the solvent accessible surface ar-
eas (ASA) of the involved residues X were
(on average) above 20% of the ASA calcu-
lated for the tripeptide Gly-X-Gly in an
extended conformation; otherwise, a salt
bridge was classified as being “internal”.
Thetota electrostatic energy of asat bridge,
AAG,,, was calculated relative to a com-
puter mutation of the salt bridge side chains
to their hydrophobic isosteres, using the
following equation:

AAGtot = AAGds!v + AAGbrd + AAGprt
(16)

where DDG, represents the unfavorable
desolvation free-energy penalty (desolvation
penalty) incurred due to the desolvation of
the salt bridge-forming side chains from
water (unfolded state U) to the protein inte-
rior (folded state F), AAG,, 4 represents the
electrostatic free energy between two salt
bridge-forming side chains in the folded
protein, and AAG,, represents the interac-
tion free energy of salt bridge-forming side
chains with the rest of the protein. Each of
the above terms were computed using con-
tinuum electrostatics, both for room tem-
perature and for the respective optimum
growth temperatures of P. furiosus (100°C)
and C. symbosium (37°C). Detailed calcula-
tions were performed for 29 out of 40
intrasubunit salt bridges in pfGDH and for
17 out of the 20 intrasubunit salt bridgesin
csGDH monomers. At 100°C, only 2 out of
29 salt bridges of pfGDH are destabilizing.
When taking into account the decrease of
the dielectric constant of water with tem-
perature (about 80 at 25°C, about 55 at
100°C), the average AAG,,, amounts to —27
kJmol at 100°C. IncsGDH, 6/17 sat bridges
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are destabilizing, and another six are only
marginally stabilizing. Asaresult, the aver-
age AAG,, of asalt bridgein csGDH isonly
about —6.3 kJ/mol at 37°C. The reason for
the difference in AAG,,, between pfGDH
and csGDH is that the desolvation penalty
is hardly compensated by the AAG,,, and
AAG,,in csGDH, but easily accommodated
in pfGDH. It appears that in pfGDH the
interaction of the salt bridge-forming resi-
dues with the rest of the proteinisamost as
significant asisthe el ectrostatic interaction.
This might be due to the existence of many
energetically favorable salt bridge networks
in pfGDH, which comprise 23 out of 29 of
the investigated salt bridges.

Karshikoff and L adenstein (1998) con-
centrated on the role of the packing density
in the stabilization of thermophilic pro-
teins. To this end, the partial specific vol-
umes, cavity volumes (space that is suffi-
ciently large to accommodate at least one
water molecule), and the smaller void vol-
umes were calculated for a set of 80
nonhomologous monomeric mesophilic
proteins with high-resolution X-ray struc-
tures and for a set of 24 proteins from
thermophilic and hyperthermophilic organ-
isms. No significant difference between
mesophilic and thermophilic proteins was
detected for all three parameters, and there-
fore it was concluded that packing density
is not a dominant factor for high protein
thermostability.

Two studies specifically investigated the
intrinsic stability of a-helicesin mesophilic
and thermophilic proteins. Petukhov et al.
(1997) compared the energy characteristics
of a-helices from thermophilic and meso-
philic proteins within four different protein
families (RecA proteins, L-lactate dehydro-
genases, seryl-tRNA synthetases, aspartate
aminotransferases). The intrinsic free en-
ergy for the formation of homologous
a-helical fragments (AG,,) was estimated
with amodified model of the statistical me-
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chanical theory of helix/coil transitions. This
model considers all known factors that are
important for the stability of a-helices, which
is hydrogen bonding in the backbone (main
chain-main chain hydrogen bonds), the in-
trinsic helical properties of amino acids
(mainly to the loss of entropy required for
adoption of helical dihedral angles), inter-
actions between sidechains (i,i + 3;i,i +4),
electrostatic interactions between charged
side chains and the helix macrodipole, and
the capping interactions at N- and C-ter-
mini, where charged and polar side chains
can form additional hydrogen bonds with
free NH and CO groups of the main chain.
It was concluded from these calculations
that thermophilic and mesophilic proteins
differ in total helix stability rather than in
the stability of individual helices, and that
the main contributors to helix stability are
the intrinsic helical propensities of amino
acids and side chain-side chain interactions.
Within the the RecA protein familiy, AG,,
for the RecA proteins from Pseudomonas
aeruginosa, E.coli, and T. thermophiluswere
equal at 18°C, 40°C, and 75°C, which are
close to the corresponding growth tempera-
tures of the organisms.

Facchiano et al. (1998) compared the
X-ray structuresof 13 thermophilic proteins
with their mesophilic homologues. The com-
parison reveal ed no significant differencein
helical content between mesophilic and ther-
mophilic proteins. The stabilities of the in-
dividual helices were computed taking into
account 10 different factors, which were
similar to those used by Petukhov et al.
(1997). In 69% of all cases, the helices of
thermophilic proteins were estimated to be
more stable, due to the higher intrinsic he-
lical propensities of amino acids. This was
mainly due to a lower content of the helix-
destabilizing -branched amino acids Val,
Ile, and Thr.

Several studies focused on the struc-
tural comparison of iso-functional enzymes

from psychrophilic, mesophilic, thermo-
philic, and hyperthermophilic sources. Maes
et a. (1999) compared the X-ray structures
of 10 different triosephosphate isomerases
(TIM), 1 psychrophilic (from Vibrio
marinus), 7 mesophilic, 1 moderate thermo-
philic (from B. stearothermophilus), and 1
hyperthermophilic (from T. maritima). With
the exception of TIM from T. maritima,
whichistetrameric, al other compared TIMs
aredimeric. Stabilization seemsto bedueto
an increase of the hydrophobic surface area
that is buried after folding of the monomer
(AASA), which — compared with the psy-
chrophilic TIM — isincreased by 3% inthe
moderately thermophilic and by 8% in the
hyperthermophilic TIM. Furthermore, the
hydrophobic area that is buried upon as-
sembly of the monomers into oligomersis
increased by 7% in the moderately thermo-
philic and, due to the higher association
state, by 50% in the hyperther-mophilic TIM.
With respect to salt bridges, the situation is
less clear. Both the psychrophilic and the
hyperthermophilic TIMs contain a higher
number of salt bridges (0.11 and 0.09 per
residue) compared with the average value
of mesophilic TIMs (0.07 per residue). The
increase in T. maritima TIM is mainly due
to the four intersubunit salt bridge networks
at the new dimer-dimer interface. In con-
trast, the moderately thermophilic TIM from
B. stearothermophilus does not contain an
increased number of salt bridges. In sum-
mary, it can be concluded that TIM from T.
maritima is stabilized by improved hydro-
phobic interactions and a higher number of
salt bridges, and that both features are due
mainly to the increased association state.
Auerbach et al. (1998) determined the
X-ray structure of lactate dehydrogenase
(LDH) from T. maritima and compared it
with five mesophilic and moderately ther-
mophilic LDHSs. All investigated LDHs are
tetramers and no significant difference in
the number of intersubunit salt bridges was

57

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

found. The extremely and moderately ther-
mophilic LDHs contain, however, an in-
creased number of intrasubunit ion pairs: at
an N-O distance cut-off of 4 A, about 17 ion
pairs per monomer of LDH from T. mar-
itima and B. stearothermophilus are found,
corresponding to 0.05 per amino acid resi-
due. The three mesophilic and psychrophilic
L DHs contain about 10 ion pairs per mono-
mer corresponding to 0.03 per residue. Other
stabilizing features seem to be ahigher con-
tent of secondary structure and a decrease
of the ratio of hydrophobic to charged sur-
face area. Compared with LDHs from
B. stearothermophilus and the mesophile
Bifidobacterium longum, the subunits of
LDH from T. maritima contains fewer cavi-
ties (two compared to four) and a signifi-
cantly decreased total cavity volume (39.8
A3 compared with 109.6 A3 and 163.5 A3,
respectively). Furthermore, the amount of
intersubunit contacts is increased in the
hyperthermophilic LDH, suggesting that the
subunits are bound more tightly in thermo-
philic LDHs.

3. Summary

Theresults of the discussed comprehen-
sive amino acid sequence and structural
comparisons can be summarized asfollows.
Proteinsfrom (hyper-) thermophilesare sta-
bilized in various ways. Some stabilizing
features seem to be of minor importance or
to be crucia only in certain protein fami-
lies. Among them are an increased number
of hydrogens bonds, higher packing densi-
ties and secondary structure contents, im-
proved hydrophobic interactions, optimized
surface areas, decreased volumes, fewer
cavities, and ashortening of the polypeptide
chain. Those stabilizing features that have
been detected in most studies in which they
were systematically tested are (1) the stabi-
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lization of a-helices, (2) an increase in the
fraction of Pro and 3-branched amino acids,
which decrease the entropy of the unfolded
state, (3) adecreasein uncharged polar resi-
dues, which avoids chemical degradation of
the polypeptide chain at the high physi-
ological temperatures of thermophiles. The
most general feature is (4) an increased
number of el ectrostatic interactionsand their
optimization, for example, by the formation
of salt-bridge networks, in thermophilic and
hyperthermophilic proteins.

B. Mutational Analysis of Protein
Thermostability

A large number of mutationa studies
have been performed in order to understand
the role of individual residues in providing
the stabilizing features that were discussed
in the preceding sections. To this end, se-
lected amino acids were exchanged by site-
directed mutagenesis, and the resulting
changes in stability were measured. Some
recent and relevant case studies are dis-
cussed here.

1. Case Studies

Phosphoribosylanthranilate isomerase
(PRAI) is a (Ba)g-barrel enzyme of tryp-
tophan biosynthesis, which is monomeric
and labile in most mesophiles, but an ex-
tremely thermostable homodimer in T. mar-
itima, with a half-life at 85°C of 310 min
(Sterner et a., 1996). The two monomers
are associated via the N-terminal faces of
the central B-barrels (Figure 4), and the side
chains of the N-terminal methionines and
the C-terminal leucines of both subunitsare
buried in a hydrophaobic cluster (Hennig et
al., 1997). Most strikingly, two long, sym-
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FIGURE 4. Ribbon diagram of the parental dimer of phosphoribosylanthranilate isomerase from
Thermotoga maritima (tPRAI) viewed down the molecular twofold axis. The active sites are
identified by the bound phosphate ions (tetrahedrons). The two identical (Ba)s-barrel subunits
associate through the N-terminal faces of their central B-barrels. The schematic insets represent
intermediate steps in converting the dimer interface of tPRAI, with interdigidating surface loops and
hydrophobic pockets, to that of the monomeric variants YAQW or YAEW. (Reprinted from Structure
8: Thoma, R., Hennig, M., Sterner, R., and Kirschner, K. Structure and function of mutationally
generated monomers of dimeric phosphoribosylanthranilate isomerase from Thermotoga maritima,
pp. 265-276, Copyright (2000), with permission from Elsevier Science.)

metry-related loops that connect a-helix 2
with B-strand 3 protrude reciprocally into
cavities of the B-barrel of the other subunit
and provide for multiple hydrophobic inter-
actions. In order to test therole of dimeriza-
tion for the function and stability of PRAI
from T. maritima (tPRAI), monomeric vari-
ants were generated by site-directed mu-
tagenesis at the dimer interface (Thoma et
al., 2000). A simulated “dimer” interface of
monomeric PRAI from E. coli (ePRAI) was
used as aguide for planning the amino acid
exchanges. Deletion of residues Pro52 and
Phe53, which are located at the tip of the
loop 0233, shortened the loop to the length
found in ePRAI but left an energeticaly

unfavorable cavity in the B-barrel of the
adjacent subunit (change designated A in
Figure 4). This cavity was filled by replac-
ing two residues pointing into the interior of
the B-barrel by the bulkier residuesfound at
the equivalent positions in ePRAI: Ala25
was replaced by Tyr (change designated Y)
and 11e101 by Trp (change designated W).
Phe55 of one subunit and Phe55a of the
second subunit are located close to each
other at the twofold symmetry axis of the
dimer. In order to weaken the reciproca
hydrophobic interactions, Phe 55 was re-
placed by GIn (change designated Q), which
isthe equivalent residuein ePRAI. Alterna-
tively, Phe55 was replaced by Glu (change
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designated E), introducing electrostatic re-
pulsion between the two negative charges
and thus promoting the dissociation of
dimers further. All three investigated vari-
antsA, YAQW, and YAEW turned out to be
catalytically as active as wild-type tPRAI,
indicating that extensive modifications at
the N-terminal face of the 3-barrel are not
transmitted to the active sites at the C-ter-
minal face (Table 3). The analysis of the
association states of the variants by analyti-
cal gel filtration and analytical ultracentrifu-
gation showed that deletion of Pro52 and
Phe 53 (variant A) is already sufficient to
dissociate the dimer. Filling the resulting
cavity by the mutations Ala25Tyr and
[1e101Trp and introducing the mutation
Pheb5GIn (variant YAQW) partialy re-
versed this effect and resulted in an equilib-
rium between monomers and dimer. These
results suggest that repacking permits novel
interactions at the interface of YAQW. In
contrast, the replacement Phe55Glu (vari-
ant YAEW) leads to a purely monomeric
protein. Asunfolding of tPRAI and its vari-
ants is irreversible, only kinetic stabilities
could be determined. The corresponding
half-lives at 85°C are 310 min for the wild-
type enzyme and 3 to 5 min for al the
variants A, YAQW, and YAEW (Table 4).
The half-lives of dimeric tPRAI and mono-
meric YAEW were independent of protein
concentration. In contrast, the half-life of
Y AQW, which exists in a monomer-dimer
equilibrium, increased with increasing pro-
tein concentration. Therefore, dimerization,
significantly stabilizes YAQW, and, by in-
ference, also the wild-type tPRAI, but does
not affect the catalytic activity.
Thearchaeal histonesHFoB (T,,= 75°C)
from the mesophile M. formicum and HmfB
(T, = 114°C) from the hyperthermophile
M. fervidus are dimeric enzymesthat unfold
reversibly according to Equation 15 and their
thermodynamic stabilities AG,, could be
determined (Li et a., 1998). The structural
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basis for the different stabilities of HFoB
and HMfB were elucidated by site-directed
mutagenesis at al sites at which HFoB and
HMf{B differ (Li et a., 2000). The core of
the histone dimers consists of two long,
antiparallel a-helices, each belonging to one
monomer (a-helix 2 and 2a). Nine out of
the 15 differences between HfoB and HMB
are located in this region. At the center of
the a2 — 2a interaction, lle 31 and Met 35
arefound in hyperthermophilic HMfB com-
pared with Ala31 and Lys 35 in mesophilic
HFoB. When the residues at position 35
were mutually exchanged, the T, value of
HFoB-K35M was increased by 15°C and
the T,, vdlue HMfB-M35K was lowered by
19°C. Compared to HFoB, HMfB contains
additional intrasubunit ion pairs, namely,
E33-R37 and E33a-R37a, and inter subunit
ion pairs, namely D14-R27aand D14a-R27.
The T, value of the HFoB-E37R variant
wasincreased by 4°C, apparently by replac-
ing two repulsive E33(a)-E37(a) interactions
with two attractive E33(a)-R37(a) interac-
tions. Accordingly, the T, value of the
HMfB-R37E variant waslowered by 6°C. It
was concluded that the higher T,, value of
HMfB compared with HFoB is due to im-
proved intermolecul ar hydrophobic interac-
tions near the centre of the histone dimer
core and due to additional ion pairs at the
dimer interface.

The enzymes 3-isopropylmalate dehy-
drogenase from T. thermophilus (ttIPMDH,;
T, ~ 87°C) and E. coli (elPMDH; T,, ~
70°C) constitute another pair of homolo-
gous, dimeric proteins with different ther-
mostabilities. A comparison of the X-ray
structures suggested that an increased num-
ber of intersubunit ion pairsin ttiIPMDH is
important for its high thermostability. For
example, Glu190 in ttiIPMDH forms an ion
pair with Argl44ainthe other subunit, which
is further engaged in an ion pair with
Glul42a, that is, an ion triad is formed. In
elPMDH Glul90 is replaced by GIn200,
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TABLE 3
Steady-State Enzyme Kinetic Constants at 25°C of Phosphoribosylanthranilate Isomerase
from T. maritima (tPRAI) and Its Variants

Proteins' designation ke | KB ™
(s (uM) (uM's™)
tPRAI tPRAI 3.7 0.28 133
tPRAI variants
deletion 52-PF-53 A 3.5 0.30 11.7
A25Y/AF55QM110W YAQW 3.1 0.26 11.9
A25Y/A/F55E/ T110W YAEW 3.8 0.34 11.2
ePRAI’ ePRAI 34.5 12.2 2.8

1 Sequence changes as depicted schematically in Figure 4.
2 Monofunctional PRAI variant from E.coli.

Reprinted from Structure 8: Thoma, R., Hennig, M., Sterner, R., and Kirschner, K. Structure and
function of mutationally generated monomers of dimeric phosphoribosylanthranilate isomerase from
Thermotoga maritima, pp 265-276, Copyright (2000), with permission from Elsevier Science.

TABLE 4
Dimer Dissociation Behavior and Thermostabilities of Phosphoribosylanthranilate
Isomerase from T. maritima (tPRAI) and Its Variants.

gel sedimentation thermal
filtration equilibrium inactivation®
Proteins’ Meaic’ (25°C) (20°C) (85°C)
M, Mapp! K’ half-life
(kDa) (kDa) (kDa) (UM) (min)
tPRAI 23.04 30.2 49.6 <107 310
tPRAI variants
A 22.80 17.0 24.2 > 10 3
H-YAQW 25.10 217 - 5 3
H-YAEW 25.10 17.0 24.0 > 10° 5
ePRAT’ 21.10 18.5 23.0 nd nd
1 Sequence changes as depicted schematically in Figure 4.
2 Calculated molecular mass for the monomer.
3 Apparent molecular masses at 25°C and 1 uM eluted total monomer concentration.
4

Apparent molecular masses of predominant species at 20°C and 4 pM initial total monomer

concentration.

Dissociation constant K.

6 Exponential decrease of V,,,, characterized by the half-time t,,, at 0.5 pM total monomer concen-
tration.

7 Monofunctional PRAI variant from E.coli.

o

Note: nd: not determined

Reprinted from Structure 8: Thoma, R., Hennig, M., Sterner, R., and Kirschner, K. Structure and function
of mutationally generated monomers of dimeric phosphoribosylanthranilate isomerase from Thermotoga
maritima, pp 265-276, Copyright (2000), with permission from Elsevier Science.
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which cannot engage in ion pair formation.
However, there are two positively charged
residues, Lys150aand Arg152a, on the other
subunit of elPMDH that could form an ion
pair with GIn200, if it carried a negative
charge. Mirror image mutations were per-
formed (Nemeth et al., 2000). In ttiIPMDH
Glul90 was replaced by GIn, and in
elPMDH GIn200 was replaced by Glu.
Because unfolding of all produced variants
was irreversible, only apparent T,, values
could be measured by DSC and far UV
circular dichroism. For al variants, the T,,
valueincreased with increasing protein con-
centration. These results suggest that a sub-
unit dissociation/association preequilibrium
israte limiting in the unfolding mechanism
of IPMDHSs, which probably follows Equa-
tion 15. The Glu190GIn variant of tttPMDH
is significantly destabilized, and the
GIn200Glu variant of elPMDH is signifi-
cantly stabilized compared with the corre-
sponding wild-type enzymes. The destabili-
zation of ttIPMDH by the replacement of a
charged by a polar residue, and the corre-
sponding stabilization of elPMDH by the
mirror image mutation is probably due to
the destruction and the formation of
intersubunit ion pairs.

The effects of theremoval of salt bridges
was tested for two enzymes from the
hyperthermophile T. maritima, glyceralalde-
hydephosphate dehydrogenases (GAPDH,;
Pappenberger et a., 1997), and indoleglycerol
phosphate synthase (IGPS; Merzet d., 1999).

Both thermophilic and mesophilic
GAPDHs aretetramers, but the investigated
thermophilic variants contain asignificantly
increased number of intrasubunit ion pairs
at the protein surface (Korndorfer et al.,
1995; Tanner et ., 1996). GAPDH from T.
maritima (tGAPDH) contains four charged
side-chains (Arg20, Arg320, Asp 323,
Glu326) that form an ionic network, which
isreduced to the Arg320-Asp323ion pair in
GAPDHs from B. stearothermophilus and
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lobster. Arg20 is part of helix aB, whichis
located closeto the N-terminus, and Arg320,
Asp 323, Glu326 are part of helix a3, which
is located close to the C-terminus of each
subunit. The importance of the salt bridge
cluster for the kinetic stability of tGAPDH
was tested by generating the variants
Arg20Ala and Arg20Asn (Pappenberger et
al., 1997). Both variants were significantly
destabilized compared with the wild-type
enzyme: the half-lives at 100°C were de-
creased about four-fold, which trandatesinto
a decrease of the free energy of activation
for therma unfolding (AAG,H) of 4 kJ/mol
at 100°C. Interestingly, the effects of the
substitutions on the kinetic stability of
tGAPDH are strongly temperature depen-
dent. The stability differences are expected
to disappear at temperatures beyond 105°C,
but are very significant at 80°C (AAG,*= 10
kJmol), where T. maritima growsoptimally.

IGPS is a monomeric (Ba)g-barrel en-
zyme of tryptophan biosynthesis. The
hyperthermophilic IGPSs from T. maritima
(tIGPS, haf-life = 11 min at 90°C) and
Sulfolobus solfataricus (sIGPS, half-life =
15 min at 90°C) contain twice the number
of potentially stabilizing salt bridges com-
pared with the mesophilic IGPS from
E. coli (el GPS, half-life= 0.5 min at 55°C)
(Hennig et al., 1995; Merz et a., 1999). The
N-termini of both sIGPS and tIGPS arefixed
to the surface of the protein by asalt bridge,
which is missing in elGPS. In tIGPS, this
salt bridge is formed between Asp184 and
Arg2, which is part of the extra N-terminal
helix a,. Several salt bridgesin sIGPS con-
nect adjacent a-helices of the (Ba)g-barrel.
INntIGPS, such asalt bridge (Glu73- Arg241)
crosslinks helices al and a8, providing a
noncovalent clamp (Figure 5) across the
closure of the barrel. In order to investigate
the contribution of these salt bridges to the
thermostability of tIGPS, the variants
Arg241Alaand Aspl84Alawere generated
and their kinetic stabilities at 85.5°C were
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(a) helix a0

(b)

helix al

FIGURE 5. Potentially stabilizing salt bridges in indoleglycerolphosphate synthase from
Thermotoga maritima (tIGPS). (a) Salt bridge (R2-D184) fixes the N-terminus of tIGPS to
the (Ba), barrel. Ribbon presentation of the backbone conformations of helix a, and loop
Bs0. The side-chains of R2, R3, L4 and D184 are depicted as ball-and-stick models. (b)
Salt bridge (E73-R241) between helix a, and helix ag. Ribbon presentation of the backbone
conformations of the helices. The side-chains of E73, R241, R242, and E245 are depicted
as ball-and-stick models. Residues R242 and E245 form an intrahelical salt bridge within
helix ag. The broken lines indicate salt bridges with interatomic distances < 3.7 A.
(Reprinted with permission from Merz, A., Kndchel, T., Jansonius, J.N., and Kirschner, K.
J. Mol. Biol. 288: 753—763. Copyright (1999) Academic Press.)
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compared with that of the wild-type en-
zyme (Merz et d., 1999). The half-lives
were 42 min for the wild type, 36 min for
the Aspl84Ala, and 14 min for the
Arg241Ala variants, showing that the two
probed salt bridges stabilize tIGPS, albeit to
different extents.

Strop and Mayo (2000) investigated by
double mutant cycles the role of two salt
bridges for the stability of aniron-free vari-
ant of rubredoxin from Pyrococcus furiosus
(pRdx, cf. Section I1.Cand VI; Hiller et .,
1997; Cavagnero et a., 1995, 1998). The
side chain to side chain salt bridge between
Lys6 and Glu49 is not stabilizing. Because
the two residues involved in a salt bridge
are immobilized, which is entropically un-
favorable, the favorable electrostatic inter-
action between the side chains of Lys6 and
Glu49 might be compensated (Kumar et al.,
2000Db). In contrast, the main chain to side
chain salt bridge between the positively
charged N-terminus and Glul4 provides a
significant thermodynamic stabilization en-
ergy. This salt bridges might be stabilizing,
because the main chainisfixed in thefolded
protein and the entropic cost arises only for
one (theside chain) partner of the salt bridge.
In accordance with this hypothesis, the N-
terminus of P. furiosus rubredoxin is in-
volved in (3-sheet formation.

2. Summary

The case of PRAI from T. maritima
demonstrates that the noncovalent assem-
bly of subunits can drastically stabilize
hyperthermophilic proteins. In support of
the stabilizing effect of oligomerization,
the native formyltransferase from the hyper-
thermophile Methanopyrus kandleri, which
isatetramer, is significantly more thermo-
stable than an engineered dimeric variant
of the enzyme (Shima et al., 2000).
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Archaeal histones and IPMDH from T.
ther mophilus appear to be stabilized by the
optimization of intersubunit interactions,
which are predominantly hydrophobic or
electrostatic in nature. Along these lines,
the extremely high thermostability
of homodimeric citrate synthase from
Pyrococcus furiosus appears to be due to
an intersubunit ionic network, which is
absent in the less thermostable homo-
logue from Thermoplasma acido-philum
(Arnott et al., 2000). The studies on the
hyperthermophilic GAPDH, IGPS, and Rdx
confirm the crucial role of salt bridges for
stabilization (Perutz and Raidt, 1975).
These studies and investigations of
glutamate dehydrogenases from various
sources (Vetriani et a., 1998; Kumar et al .,
2000b) also show that the stabilizing effect
of agiven salt bridge depends on its struc-
tural context. Salt bridges that connect N-
and C-termini appear to contribute signifi-
cantly to the stability of both tIGPS and
tGAPDH, probably by preventing the“fray-
ing” of the N- and C-termini, which might
initiate thermal denaturation. In pRdx, only
one of two probed salt bridges is stabiliz-
ing, probably because its formation does
not further decrease the entropy of the
polypeptide chain. Similar entropic argu-
ments were put forward to support the idea
that clusters of salt bridges (ion pair net-
works) are more stabilizing than individual
saltbridges(Yipetal., 1995; Henniget al.,
1995).

The evidence that electrostatic interac-
tions can play acentral role in the stabiliza-
tion of hyperthermophilic proteinsdisagrees
with the results of previoustheoretical stud-
ies and mutational analyses of model meso-
philic proteins. The effects of introducing
or deleting salt bridges in T4 lysozyme,
barnase, and Staphylococcus nuclease var-
ied considerably, but were often insignifi-
cant for stability or even destabilizing (Pace,
2000; Kumar et al., 2000Db).
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IV. TEMPERATURE
DEPENDENCE AND SPECIFICITY
OF ELECTROSTATIC
INTERACTIONS IN PROTEINS

These findings raise the question,
whether electrostatic interactions are more
stabilizing at high than at low temperatures.
The answer depends on the temperature
dependence of the physical properties of
water and of the protein-water interactions
(Pace, 2000). According to Coulomb’slaw,
the electrostatic interaction energy E that is
necessary to bring two unit charges g, and
g, from adistancer to an infinite distanceis
inversely proportional to the dielectric con-
stant D of the medium: E = q,-q,/D-r. Be-
cause the dielectric constant of water drops
from about 80 at 25°C to about 55 at 100°C,
favorable electrostatic interactions within
proteins will be stronger at higher tempera-
tures. When a salt bridge is formed, the
energetically favorable hydration shell is
removed from the involved charged amino
acid side chains. Theoretical studies by
Elcock (1998), which take into account the
temperature dependence of hydration free
energiesof the 20 naturally occurring amino
acids (Elcock and McCammon, 1997), sug-
gest that this desolvation penalty would
decrease as temperature increases. In a re-
lated study, molecular dynamicssimulations
of the Sac7d protein from Sulfolobus
solfataricus were performed at three differ-
ent temperatures (de Bakker et al., 1999). It
was concluded that el ectrostatic protein-sol -
vent interactions become less favorable as
temperature increases, due to the increased
thermal motion of water. In contrast, elec-
trostatic intraprotein interactions are as-
sumed to become more favorable with in-
creasing temperature, due to atightening of
salt bridges. In another theoretical study,
four different hyperthermophilic proteins
were compared with their mesophilic ho-

mologues, and it was shown in every case
that electrostatic interactions are more fa-
vorable in the hyperthermophilc proteins
(Xiao and Honig, 1999). Most strikingly,
the authors suggest that the key stabilizing
feature is neither the number of ion pairs
nor the formation of ion pair networks, but
the optimum placement of the charged
groups on the protein surface. This hypoth-
esis is supported by several experimental
studies (Grimsley et a., 1999; Loladze et
a., 1999; Perl et a., 2000; Spector et al.,
2000), two of which are discussed here in
some detail.

Loladze et al. (1999) investigated the
thermodynamic stability of ubiquitin, a
much-studied small and monomeric protein
that unfolds according to the two-state
model. Based on a simple model (Ibarra-
Molero et a., 1999), an energy value W, for
the interaction of each charged residue with
the rest of the ionizable groups on the sur-
face of ubiquitin was calculated. A positive
value of W, for a given charged group indi-
cates that it destabilizes the protein electro-
statically, suggesting that its neutralization
or reversal increasesthe stability of ubiquitin.
When W; adopts a negative value, its re-
placement should destabilize ubiquitin (Fig-
ure 6). On the basis of these predictions, a
number of amino acids were exchanged in-
dividually, and the stabilities of the corre-
sponding ubiquitin variants were measured.
Compared with the wild type, both stabi-
lized and destabilized variants were gener-
ated, and there was good qualitative agree-
ment between prediction and experiment.
These experiments demonstrate that a pro-
tein can be stabilized by the optimization of
long-range electrostatic interactions at its
surface.

The cold shock proteins from the meso-
phile B. subtilis (Bs-CspB; T,, = 50°C) and the
thermophileB. caldolyticus(Bc-Cxp; T,,=72°C)
are reversbly unfolding proteins (Perl et d.,
1998) with very smilar amino acid sequences
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FIGURE 6. Energies due to the electrostatic interactions of all ionizable residues in the ubiquitin
molecule at pH 5.0. Positive/negative values of <W3> predict that the amino acid side chains are
involved in predominantly destabilizing/stabilizing charge-charge interactions. Underlined amino
acids were exchanged experimentally. (Reprinted with permission from Loladze, V.V., Ibarro-
Molero, B., Sanchez-Ruiz, J.M., and Makhatadze, G.l. Biochemistry 38: 16419-16423. Copyright
(1999) American Chemical Society.)
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(55 out of 67 residues are identical) and virtu-
aly identical centra B-sheets and binding re-
gionsfor nucleic acids(Mueller et d., 2000; cf.
Section 11.C). Thedifferencein AGg, (at 70°C)
between Bc-Csp and Bs-CspB amountsto about
16 k¥moal in the absence of sdlt and to about 8
kJmol in the presence of 2 M NaCl, showing
that differentid eectrodtetic interactions con-
tribute sgnificantly to the observed sability
difference (Mudler et d., 2000). All 12 amino
acid exchanges between Bc-Csp and Bs-CspB
are located at the protein surface. In order to
elucidate the effect of each of thesedifferences,
the corresponding amino acids were mutualy
exchanged between the two proteins (Perl et
d., 2000). From the 12 Bc-Bsp single mutants
that contained the corresponding amino acids
of BsCspB, only the Leu66Glu and Arg3Glu
variants were destabilized. The double mutant
Leu66Glu + Arg3Glu was dightly less stable
than Bs-Csp. Accordingly, the corresponding
Bs-CqoB double mutant Glu3Arg + Glue6Leu
was dmost as stable aswild-type Bc-Csp (Fig-

ure 7). The analysis of the salt dependence of
AG, showed that the Arg to Glu difference at
position 3 fully accounts for the strong electro-
datic contribution to the stability difference
between Bc-Csp and Bs-CspB.

Is the stabilizing electrostatic effect of
Arg3 local or globa? Inspection of the crys-
tal structure of Bc-Csp makes the formation
of anion pair between Arg3 and Glu46 un-
likely. In accordance with this view, the
Bc-Csp-GludbAlavariant isnot significantly
destabilized compared with wild-type
Bc-Csp (Figure 7). The formation of a stabi-
lizing ion pair between Arg3 and the C-ter-
minus of Bc-Csp can aso be excluded, be-
cause the C-terminal extension of Bc-Csp by
one amino acid (to reach the length of Bs-
Csp) does not affect AGy, (Figure 7). Be-
cause no other negatively charged side chain
approaches Arg3 closer than 6 A, the electro-
static stabilization caused by Arg3 does not
seem to involve specific ion pairs, but to
improve the globa electrostatic potentia of

Sr Q2L
Bs-CspB
- N11S S24DT31S 67A E3RIE6%L
& B 7 7 7 7 / Be-Csp
23 0 me Q53 —
2 _ G23Q E46A ve4T
® 5L
% L66E
E -
S
x -10
Z R3E
(;? |
3 A5 / Bs-CspB
-20 —
B Bc-Csp
R3L/L66E

FIGURE 7. Effect of amino acid exchanges on the stability of Bc-Csp and Bs-CspB. The relative
stabilities of the parent proteins are indicated by the horizontal lines. The first 12 bars display the
relative differences in stability (AAGg,) caused by the individual exchange of residues of Bc-Csp
with that of Bs-CspB. The two bars at the right show the destabilization of Bc-Csp and the
stabilization of Bs-CspB, respectively, by the reciprocal double amino acid exchanges at positions
3 and 66. (Reprinted with permission from Perl, D., Mueller, U., Heinemann, U., and Schmid, F.X.,

Nature Struct. Biol. 7: 380-383 [2000].)
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the protein. What is the basis of the stabiliz-
ing effect of Leu66, which isthe C-terminal
residue of Bc-Csp? The side chain of Leu66
packs on the main chain hydrogen bonds
between Val47, Ser48, and Va 64, which link
the beginning of B-strand 4 with the end of
B-strand 5. L eu66 thus decreases the polarity
around these hydrogen bonds, which are
strengthened due to the exclusion of water as
potential hydrogen bond competitor.

In summary, this set of experiments
convincingly demonstratesthat two surface-
exposed residues areresponsiblefor thelarge
difference in thermodynamic stabilities be-
tween Bc-Csp and Bs-CspB. Roughly two-
thirdsof thisAG, difference originatesfrom
the predominantly electrostatic contribution
of Arg3, and about one-third results from
hydrophobic interactions of Leu66 at the
carboxy terminus.

V. THERMOSTABILIZATION OF
PROTEINS

A. Rational Design

Theforegoing sections have shown how
sequence and structural comparisons, in
combination with site-directed mutagenesis,
canidentify putative molecular determinants
of protein thermostability. One of the long-
term goals of such studiesisto design pro-
teins with desired stabilities (and activities)
(Hough and Danson, 1999). Although com-
puter algorithmsthat reliably predict amino
acid exchanges to stabilize any given pro-
tein are not yet available, therational design
of thermostable proteins has been success-
ful in several cases.

An encouraging example for rational
protein design is the stabilization of the
monomeric 31 domain of the Streptococcal
protein G (GB1), a PBPapBp protein
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(Malakauskas and Mayo, 1998). A com-
puter algorithm, which fixes the protein
backbone and generates side chain rotamer
libraries, models severa stabilizing factors
simultaneoudly. First, pair-wise interaction
energies between amino acid side chains
and between the side chains and the back-
bone are calculated according to empirical
energy functions. The resulting energies
serve as input for the optimization portion
of the algorithm, which selects both those
side chains and their corresponding confor-
mations that yield the global minimum en-
ergy of the system. The study focused on
five out of 13 so-called boundary residues,
the side chains of which lie between the
buried core and the solvent-exposed surface
and are located on elements of secondary
structure. The starting point wasaGp1 vari-
ant, the core of which was aready opti-
mized by theintroduction of the three amino
acid exchanges. For the five boundary resi-
dues under consideration, both amino acid
identity and side chain conformation were
optimized, allowing 16 out of 20 amino
acids at each position. (Pro, Cys, Gly, Met
were omitted in order to avoid possible dis-
ruption of secondary structure, formation of
S-Shbonds, and to limit theloss of sidechain
entropy.) As a consequence, a diversity of
105 sequences was created from which the
energetically most favorable one was se-
lected. It contains the three core mutations
mentioned above and the following four
boundary mutations. Thrl16lle, Thrl8lle,
Thr25Glu, and Va29lle. The Trp residue at
position 43 retained its wild-type identity
during the optimization procedure. Several
variants with different combinations of the
amino acid exchanges were generated ex-
perimentally and tested for their stability.
The variant with all seven amino acid ex-
changes (G31-c3b4) shows, compared with
wild type, an increase in T, by more than
16°C and an increase in AG (at 50°C) by
about 18 kJmol (Table 5). How do the in-
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TABLE 5

Experimental thermodynamic data of the B1 Domain of
Streptococcal Protein G (GB1) and Its Stabilized Variants.

i AGgy” AAGg’ AAA*
Protein °C) (kJ mol ™) (kJ mol™) (Az)
GB1 83 11.7 0.0 0.0
GB1-c3 91 13.8 2.1 106.1
GB1-c3bl 93 17.1 54 100.9
GB1-3cb2 >09 255 13.8 281.9
GB1-c3b4 >09 29.7 18.0 301.6

A WN P

lated using modeled structures.

Midpoint of thermal unfolding transition.

Free energy of unfolding at 50°C.

Change in free energy of unfolding with respect to GR1.

Change in hydrophobic surface area burial with respect to GI31 calcu-

Reprinted with permission from Malakauskas, S.M. and Mayo, S.L. Nature

Struct. Biol. 5: 470-475 (1998).

troduced amino acid exchangesimprovethe
stability of GB1? The“boundary” exchange
Thr25Glu appearsto stabilize the proteinin
various ways. Position 25 is close to the
N-terminus of the a-helix and the negative
charge of Glu might interact with the posi-
tive end of the helix macrodipole. Also, Glu
has a higher helix propensity than Thr. Fur-
thermore, the structural model as determined
by NMR predicts a hydrogen bond between
Glu25 and the backbone amide of Val21,
which is located in the turn between the
second B-strand and the helix. The other
boundary mutations, all of which are lle,
appear to stabilize through increased buria
of hydrophobic surface area. A redesign of
six helix surface positions of GB1, which
was based on the same computer algorithm,
increased the T,, value by 6°C, probably
duetoincreased helix propensitiesand more
favorable helix dipole interactions (Strop et
al., 2000).

Van den Burg et al. (1998) stabilized a
moderately thermostable, monomeric
metall o-protease from B. stearothermophilus
by a combination of rational design (intro-
duction of a Pro residue and a disulfide
bridge) and the replacement of several amino

acids with those of the closely related but
more thermostable protease thermolysin.
The half-life of the resulting eightfold mu-
tant at 100°C was increased about 340-fold
compared with the wild-type enzyme, mak-
ing it even more stable than thermolysin.
Possible reasons for this increased stability
are the reduction of the entropy of the un-
folded state by the introduction of the disul-
fidebridge, and glycineto aanine (or serine),
as well as aanine to proline exchanges. At
37°C, the catalytic activities of the mutant
and the wild-type enzymes were identical.
This study shows that few amino acid ex-
changes are sufficient to generate a
hyperthermophilic protein, without loosing
high catalytic activity at low temperatures.
Enzymes with this combination of proper-
tiesare expected to be very useful for indus-
trial applications (Section VII1).

B. Directed Evolution

Despite the few successful examples
presented above, it is still difficult to eluci-
datethe structural basisof high protein ther-

69

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

mostability and to design proteins with in-
creased stabilities. A promising and rela-
tively novel approach to achievethisgoal is
directed molecular evolution. It mimics the
natural evolution process by using iterative
rounds of random mutagenesis and selec-
tion in order to generate proteins with de-
sired properties. Given the existence of an
appropriate screening or selection system,
the new variants may even acquire combi-
nations of properties that are not encoun-
tered in proteins from naturally existing
organisms, but are optimal for industrial
applications (Arnold and Volkov, 1999).
Recent technical advances such as DNA
shuffling (Stemmer, 1994a,b) or the stag-
gered extension process (Zhao et al., 1998)
allow the recombination of beneficial muta-
tions that are created in the first rounds of
directed evolution. In order to learn gener-
aly applicable rules for rational protein
design, the optimized protein variants are
purified, the generated changes are quanti-
fied, and their molecular basisis elucidated.
The great advantage of the directed molecu-
lar evolution compared with the “rationa”
design approach is that new properties can
be generated without a detailed a priori
knowledge of the structure of the protein
under study. The following selected ex-
amples illustrate that proteins can be made
more stable or catalytically more active, or
both, by directed evolution.

Giver et al. (1998) stabilized
p-nitrobenzy| esterase from Bacillussubtilis
(PNBE) by a combination of random mu-
tagenesis, DNA shuffling, and screening.
pNBE is a monomer that consists of 490
amino acid residues. The wild-type gene
was amplified by error-prone polymerase
chain reaction (PCR), and E. coli cellswere
transformed with the resulting plasmid gene
library and plated. The expression of the
pNBE variants was induced and their enzy-
matic activities (A) were determined at room
temperature, both before (A;) and after (A,)
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heating. Variants exhibiting a combination
of high activity (A,) and high thermostabil-
ity (A/A;) were purified and their thermo-
stabilities were measured. The gene encod-
ing the variant with the highest T, value
was used to parent the next generation, and
this procedure of random mutagenesis and
screening (of 500 to 2000 clones per gen-
eration) was repeated several times. Genes
encoding the best variants from the fifth-
generation library were recombined using
DNA shuffling. The most thermostable of
the resulting variants (6sF9) contains nine
amino acid exchanges and has a T, value
that is 14°C above that of the wild-type
enzyme. At room temperature, this variant
has a somewhat higher catalytic efficiency
than the wild type enzyme, which shows
that high thermostability and high activity
at room temperature are not mutually exclu-
sive properties (Figure 8). Spiller et al.
(1999) determined the X-ray structure of a
modified 6sF9 variant that contained addi-
tional four stabilizing exchanges. The re-
sulting variant has a sequence identity to
wild type of 97%, but a T, vaue that is
increased by 17°C. The structural analysis
revealed that the individual amino acid ex-
changes resulted in atered core packing,
helix stabilization, introduction of surface
salt bridges, and reduction of flexibility in
surface loops.

A similar approach wasfollowed to sta-
bilize the psychrophilic subtilisin S41 from
the Antarctic Bacillus TA41, which is a
monomeric and thermol abile serine protease
that consists of about 300 amino acids
(Miyazaki and Arnold, 1999; Miyazaki et
al., 2000). Because the half-life of 41 is
highly Ca*-dependent, S41 mutant gene
libraries were screened at low Ca?* concen-
trations, in order to stabilize S41 by increas-
ing the C&* affinity. Thermostable S41
variants were identified in asimilar way as
described above. Beneficial mutationsiden-
tified in thefirst screening round were com-

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

0.20

—r 1 T T T 717"

©
E : 6sF9
&
& 0.15 -
2 O
2 &
B
< c
e £ y
5 = 010
o O
Q. -8 ]
?n g |
.
o J
© i
E 0.05 —
[ 1A5D1 b y
O | I — J 1 1 1 [ 1 1 1 I 1 1 L | 1 L 1 l 1 A 1 I 1 1 1 I 1 1 1
52 54 56 58 60 62 64 66 68

Tm(°C)

FIGURE 8. Specific enzymatic activities of purified wild-type (WT) and evolved p-nitrobenzyl
esterases from Bacillus subtilis as a function of the melting temperature T,,. (Reprinted with
permission from Giver, L., Gerhenson, A., Freskgard, P.-O., and Arnold, F.H. Proc. Natl. Acad.
Sci. USA 95; 12809-12813. Copyright (1998) National Academy of Sciences, U.S.A.)

bined and the resulting variants were fur-
ther optimized. The most thermostabl e vari-
ant (3-2G7) contained seven amino acid
exchanges. The stability differencesbetween
3-2G7 and wild-type S41 were almost ten
times greater at 1 mM Ca?* than at 10 mM
C&?*, due to an amost 100-fold increased
Ca dffinity of 3-2G7. Enzyme activity
measurements showed that 3-2G7 combines
high thermostability with high activity at
low temperatures: k,/K,, far surpassed that
of wild-type $S41 in the temperature range
from 10 to 60°C, primarily due to an in-
crease of k. Ca* concentrations did not
change the activity of either enzyme, con-
firming that Ca?* binding increases stability
independently of activity, that is, tighter Ca?*
binding does not interfere either with the
active site geometry or with any protein

motions required for catalysis. A compari-
son of the sequence of 3-2G7 with the se-
guences of mesophilic homologues S39 and
SSII showed that none of the stabilizing
amino acids is found at the corresponding
positions in S39 and SSII. It can be con-
cluded that the very large sequence space
probably contains many different stabiliz-
ing amino acid substitutions, and that dif-
ferent ones were recruited by nature and by
the directed evolution experiment.

The hitherto presented work uses screen-
ing of alarge number of variants to identify
proteins with increased stabilities. In con-
trast, Akanuma et al. (1998) applied selec-
tion in the extremely thermophilic host
Thermus thermophilus, which can be natu-
raly transformed withforeign DNA. IPMDH
(encoded by leuB) from B. subtilis
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(bslPMDH) and T. thermophilus (ttIPMDH)
arehomodimerswith a56%identity inamino
acid sequence but a 40°C difference in ther-
mostability. The growth at elevated tempera-
tures of T. thermophilus was coupled to the
generation of stabilized bsiPMDH variants
asfollows. The bs-leuB gene was integrated
into the chromosome of a leuB-deficient T.
thermophilusstrain. Theresulting strain BTH
5601 grew at 56°C on plateslacking leucine,
but not at 61°C. A large number of BTH5601
cells were plated on selective medium and
incubated at 61°C. Transformants that were
able to grow at this temperature presumably
had acquired spontaneous mutations in bs-
leuB that led to the stabilization of bsIPMDH.
Two further rounds of selection were per-
formed at 66°C and at 70°C, and a stepwise
amino acid exchange with increasing selec-
tion temperature was found: Thr308lle (se-
lection at 61°C), Thr308lle + 1le95Leu (se-
lection at 66°C) and Thr308lle + lle95L eu +
Met292lle (selection at 70°C). The half-in-
activation temperatures (cf. Section 11.B) of
the single, double, and triple mutants were
increased by 4.5°C, 8.0°C, and 10.0°C, re-
spectively. Inspection of the X-ray structure
of ttIPMDH suggeststhat thermostabilization
is caused by improved hydrophobic interac-
tions and the removal of steric repulsion.
The stabilization that can be achieved by
this gpproach is limited due to the rare occur-
rence of spontaneous mutations. In order to
surmount this shortcoming, a combination of
directed evolution and rational design was
applied (Akanumaet a., 1999). Starting from
the described triple mutant, bssPMDH was
further stabilized using a combination of ran-
dom mutagenesis by error-prone PCR and
sdlectionin T. thermophilus at 73°C. Thisled
to the acquisition of the additional exchanges
Thr22Lys and Met256Va, and the haf-inac-
tivation temperature of the resulting quintuple
variant was increased by another 3°C, com-
pared with the triple mutant. Thr22Lys prob-
ably stabilized an a-hdix, and Met256Val
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improved the hydrophobic interactions be-
tween the two subunits of bssPMDH. On the
bass of the X-ray structure, additional amino
acid exchanges were introduced to further
improve hydrophobicinteractionsbetweenthe
two subunits of bssPMDH (Glu253Leu) and
to rigidify a turn structure (Glull2Pro,
Ser113Gly, Ser115Glu). Theresulting variant
contained nine amino acid exchanges and its
half-inactivation temperature was increased
by 23°C compared with the wild-type
bslPMDH.

In a similar approach, the thermosta-
bility of the monomeric kanamycin
nucleotidlytransferase (KNT) from Sa-
phylococcus aureus wasimproved by ran-
dom mutagenesis, DNA shuffling, and se-
lection in T. thermophilus (Hoseki et al.,
1999). T. thermophilus cells were trans-
formed with a plasmid library containing
randomly mutagenized KNT genes, plated
on medium containing kanamycin and
incubated at 64°C. A mixture of plasmids
was prepared from the grown colonies,
and the mutant genes were recombined
using DNA shuffling. Further rounds of
selection were performed at 69°C, 79°C,
and 81°C. Each of the selected 10 most
thermostable variants (KT3s) contained
about 10 amino acids exchanges. One
substitution, Val75Ala, was found in all
ten cases and five out of 29 found ex-
changes are those to Pro. In order to gen-
erate a further stabilized variant, ex-
changes that were found in more than two
other KT3s and all exchangesto Pro were
individually incorporated into KT3-11.
Nine of the introduced exchanges in-
creased the thermostability of KT3-11.
These exchanges were added simulta-
neously into KT3-11 toyield HTK, which
contains 19 amino acid exchanges. The
measurement of the irreversible thermal
denaturation of wild-type KNT, KT3-11,
and HTK yielded T, values of 61°C, 73°C,
and 84°C. The gene encoding HTK was
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integrated into a plasmid, which can now
be used for selection experiments at the
upper growth limit of T. thermophilus.

DNA family shuffling recombines natu-
rally occurring homologous genes (Crameri
et a., 1998). This technique was used to
generate chimaeras of the catalytic domains
from a mesophilic (from Streptomyces
lividans, SIXB-cat) and athermophilic (from
Thermomonospora fusca, TfxA-cat) pair of
xylanases (Shibuya et a., 2000). SIxB-cat
and TfxA-cat share an amino acid sequence
identity of 72%, but their thermostabilities
are drasticaly different. DNA from both
genes was digested and recombined to yield
alibrary of chimaeric xylanase genes. E. coli
cellsweretransformed with thislibrary, plated
on RBB-xylan plates and incubated at 60°C
for 1 h, which are conditions at which SIXB-
cat is thermally denatured. Fifteen different
thermally stable chimaeric enzymes were
identified by halo formation. All of them
possessed N-terminal regions derived from
TfxA-cat, indicating that this segment was
essential for activity under the selected con-
ditions. These experiments show how directed
evolution can be used to identify those seg-
ments of a proteins, if any exist, that are
crucia for its thermostability.

Directed evolution has been used to
improve the weak catalytic activities of
hyperthermophilic enzymesat low tempera-
tures. Indoleglycerol phosphate synthase
from the hyperthermophile Sulfolobus
solfataricus (sTrpC) is (Ba)g-barrel enzyme
with a very low activity at 25° and 37°C
compared with the corresponding enzyme
from E. coli (eTrpC) (Hennig et a., 1995).
The weak catalytic activity of sTrpC was
increased by a combination of random mu-
tagenesis and selection in vivo (Merz et a.,
2000). An E. coli strain lacking the genefor
trpC (AtrpC) was transformed with a pool
of randomly mutagenised plasmid-encoded
strpC genes, plated on minimal medium
containing low concentrations of tryptophan

and incubated at 37°C. Colonies growing
faster than controls with wild-type strpC
presumably contained sTrpC variants with
an increased activity at 37°C. Inspection of
the X-ray structure of sTrpC (Hennig et al.,
1995) allowed the location of amino acid
substitutions in faster growers. Most ex-
changesarelocated in a-helicesand inloops
that connect (3-strands with a-helices at the
C-terminal (active site) face of the barrel,
but none of the previously identified cata-
lytically essential residues of TrpC
(Darimont et al., 1998) was altered. In about
40% of the sequence (between [(3-strands 2
and 5) no amino acid substitutions were
found (Figure 9). The activity, flexibility
and thermostability of several purified sTrpC
variants was investigated. Compared with
wild-type sTrpC, isolated variants have 2-
to 4-fold increased k., values at 37°C, but
drastically decreased (8- to 200-fold) K,
values (Table 6). As a consequence, the
catalytic efficiencies (k.,/K ) are decreased
3- to 60-fold. These results confirm that K,
is the selected trait and suggest that the
intracellular CARP concentrations are satu-
rating for all variants.

What is the mechanistic basis of the
increased k; values? In order to answer this
question, it was first investigated which in-
dividual rate constant determines k., of
sTrpC at 37°C. The minimal catalytic
mechanism of the TrpC reaction (Figure
10) offers two possibilities: (1) the chemi-
cal step (ESto EP) isratelimiting: k; << ks,
and thus k , = Ks; (2) release of the product
IGP (EP to E+P) israte limiting: k; >> K,
and thus k; = ks. In order to distinguish
between these possibilities, the rate con-
stants of 1GP release from the enzyme (k)
and of IGP binding to the enzyme (k) were
determined at 37°C for wild-typesTrpC and
the F246S variant, using stopped-flow mea-
surements under pseudo-first-order condi-
tions ([CdRP]>>[sTrpC]). These measure-
ments showed that Kk (0.19 s?) isidentical
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FIGURE 9. Location of activating amino acid exchanges in the structure of indoleglycerolphosphate
synthase from Sulfolobus solfataricus (sIGPS). H: a-helices, S: B-strands. Observed amino acid ex-
changes in activated variants are indicated below the sequence of sSIGPS. The catalytically essential amino
acids are underlined. The single cleavage site of trypsin is located C-terminal of Arg28, which is shown
as an enlarged and bold type “R".

TABLE 6
Steady-State Enzyme Kinetic Constants of Indoleglycerol Phosphate Synthase from
S. solfataricus (sIGPS) and Its Activated Variants.

protein T (°C) keat Kum Kp kea/ Km
s (uM) (MM) (uM's™)
sIGPS 25 0.03 0.04 0.02 0.7
37 0.15 0.05 0.03 3.0
60 0.98 0.05 0.06 14.2
P2S 37 0.16 0.05 0.04 3.20
F246S 37 0.35 0.40 0.30 0.90
G212E 37 0.36 5.60 2.60 0.10
P2S/F246S 37 0.27 042 0.39 0.60
P2S/G212E 37 0.57 10.9 3.60 0.1
eIGPS' 25 3.60 0.42 0.54 8.60

1 monofunctional IGPS variant of E.coli.
Reprinted with permission from Merz, A., Yee, M. C., Szadkowski, H., Pappenberger, G., Crameri, A.,

Stemmer, W. P., Yanofsky, C., and Kirschner, K. Biochemistry 39: 880-889. Copyright (2000) American
Chemical Society.
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FIGURE 10. Minimal mechanism of the reaction catalyzed by sIGPS (E). S is 1-(o-
carboxyphenylamino)-1-deoxyribulose 5-phosphate (CdRP). P is indolglycerol phosphate
(IGP). k, = 0, because decarboxylation of CdRP renders the conversion of ES - EP
irreversible. (Reprinted with permission from Merz, A., Yee, M. C., Szadkowski, H.,
Pappenberger, G., Crameri, A., Stemmer, W. P., Yanofsky, C., and Kirschner, K. Biochem-
istry 39: 880-889. Copyright (2000) American Chemical Society.)

within the error limitsto k, (0.15 s?), iden-
tifying product release asthe rate-determin-
ing step of the sTrpC reaction at 37°C.
Analogous measurements with the F246S
variant yielded a much larger value for kg
(9.6 s1), which equals about 25 times K,
(0.35 s?). Obviously, product dissociation
has become much faster, and k, probably
equals the chemica step (k;), which has
become rate determining. In wild-type
STrpC, k; is probably also only 0.35 s* and
thus only dlightly larger than ks. The effect
of increasing temperature on K, Ky, and K,
suggests that the constipation by product
release, which limits the activity of the pa-
rental enzyme at 37°C, is relieved at 60°C
by a similar increase in flexibility as re-
flected by single- or double-residue replace-
ments at 37°C.

In order to test the effect of theincreased
enzymatic activity on protein flexibility and
stability, selected variantswere digested with
proteaseand irreversibly inactivated by heat.
Trypsin cleaves solely at the R26-Q27 pep-
tide bond of sTrpC (Darimont, 1994), which
islocated in adynamically fluctuating loop
that connects the additional a-helices aj
and 0, (Figure 9). The half-lives of the
full-length protein chains of severa acti-
vated variants were decreased compared
with wild type sTrpC, as estimated from
SDS-PAGE. This is probably due to long-
range perturbations that increase the flex-
ibility of the loop between o, and a,. Ac-
cordingly, binding of IGP significantly

stabilized the most susceptible double-site
variants P2S/F246S and P2S/G212E. At
87°C, the kinetic stability of the variants
F246S and P2S/F246Sisfar lower than that
of wild-type sTrpC, whereas the other vari-
ants are only slightly more thermolabile. A
plausible reason for the labilizing effect of
F246Sisitslocation closeto the C-terminus
of sTrpC, at the end of helix ag (Figure 9).
The phenyl ring of F246 is part of a hydro-
phobic cluster, which strengthens the inter-
actions between modules (Ba), and (Ba)g,
the noncovalent closure of the (Ba)g barrel.
Substitution of the bulky, hydrophobic side
chain by the small, hydrophilic side chain
of Ser will weaken this cluster, resulting in
a less stable protein.

In a similar experiment, the low-tem-
perature activity of a tetrameric B-glucosi-
dase from Pyrococcus furiosus was in-
creased by directed evolution without
affecting its extreme thermostability
(Lebbink et al., 2000).

C. Summary

Duetothedtill limited understanding of the
sructurd basis of protein (thermo-)stability,
rational design of stabilized proteins has
been successful only in few cases. In con-
trast, directed evolution has been applied to
alter the stabilities and enzymatic activities
of anumber of different proteins. Given an
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appropriate screening or selection system,
directed evolution is generally applicable,
because it does not require information on
the structure of the protein that is to be
stabilized. The directed evolution approach
is highly instructive, because it is unbiased
and often provides unexpected solutions to
a given problem. Because wild-type and
altered proteins differ only by few amino
acids, the analysis of the mechanisms of
stabilization and activation is considerably
simplified, compared with the analysis of
more divergent pairs of homologous meso-
philic and (hyper)thermophilic proteins.

VI. PROTEIN THERMOSTABILITY
VERSUS PROTEIN FLEXIBILITY

Hyperthermophilic enzymes are often
barely active at room temperature, but are
as active as their mesophilic counterparts at
the corresponding physiological tempera-
tures (Jaenicke, 1991). Because the active
siteresidues are conserved between homol o-
gous mesophilic and hyperthermophilic en-
zymes, these differences in catalytic prop-
erties must be caused by substitutions
elsewhere in the molecule. For each mem-
ber of a homologous enzyme series, a cer-
tain degree of conformational fluctuations
isrequired for optimal catalysis. Therefore,
it has been postulated that the low activity
of thermostable enzymes at low tempera-
tures is due to a high rigidity, which is
relieved at the elevated temperatures at
which hyperthermophilic enzymes work in
vivo (Jaenicke, 2000). In accordance with
this hypothesis, the activity of sTrpC was
increased by increasing the flexibility of an
active site loop (Merz et al., 2000, cf. Sec-
tion V.B) and various T4 lysozyme variants
with increased stabilities show an increased
rigidity, as reflected in decreased crystallo-
graphic thermal factors (Wray et al., 1999),
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or in areduced catalytic activity (Shoichet
et a., 1995).

| sopropylmal ate dehydrogenase (IPMDH)
was used as a model to investigate the corre-
lation between stability, flexibility, and cata-
Iytic activity for apair of mesophilic and ther-
mophilic enzymes (Zavodszky et al., 1998).
IPMDH from E. coli (elPMDH) and
T. thermophilus (ttIPMDH) are homodimeric
enzymes with an rms deviation between
equivalent Ca-atoms of only 1.58 A. The
catalytically essential amino acid residues are
fully conserved between the two enzymes.
However, the temperature for optimum spe-
cific activity is about 50°C for elPMDH but
about 74°C for ttIPMDH, which is only mar-
gindly active at room temperature. el PMDH
and ttIPMDH were compared with respect to
the thermodynamic stabilities AG, of the
entireprotein (Section|1.A), which wastermed
"macrostabilty” here, and with respect to the
thermodynamic stabilities of protein substruc-
tures, which were termed ”microstability”.
Whereas the macrostability maintains the in-
tegrity of the native state, the microstability
determines the flexibiliy or local conforma
tional dynamicsof aprotein, whichispresum-
ably responsible for optimum function. The
measurement of the macrostabilities of
elPMDH and ttIPMDH by differential scan-
ning calorimetry and circular dichroismyielded
T, vadues of about 74 and 90°C, respectively
(Figure 11). The microgtabilities are reflected
by globa hydrogen exchange kinetics, which
were measured using Fourier-transformed in-
frared (FT-IR) spectroscopy. Reversible, con-
formational fluctuations expose buried seg-
ments of the polypeptide chain to the solvent.
When the protein is dissolved in D,O, hydro-
gen-deuterium (H/D) exchange of peptide
amide protons occurs during such exposure
(Equation 13). The H/D exchange andysis
was performed under EX,, conditions, where
fluctuations exposing buried hydrogens are
fast compared to the exchange rate of the
solvent-exposed peptide groups. When com-
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FIGURE 11. Isopropylmalate dehydrogenase from Escherichia coli (elPMDH; thin line; T,
=73.5°C) is less thermostable than its homologue from Thermus thermophilus (ttIPMDH;
thick line; T, = 90.0°C). The shown calorimetric melting profiles were measured with a
heating rate of 1°C/min in 20 mM potassium phosphate, pH 7.6. KCI concentrations were
set to 0.3 M and 1.0 M, respectively. (Reprinted with permission from Zavodszky, P.,
Kardos, J., Svingor, and Petsko, G. A. Proc. Natl. Acad. Sci. USA 95: 7406-7411.
Copyright (1998) National Academy of Sciences, U.S.A.)

pared at 25°C, the hydrogen protection factors
of ttlPMDH are significantly higher compared
to el PMDH, that is, ttIPMDH is significantly
lessflexible according to thiscriterion (Figure
123). In contrast, at temperatures near the ac-
tivity optima (70°C for ttIPMDH and 48°C
for el PMDH), the protection factors are Ssimi-
lar (Figure 12b). These findings support the
hypothesis that the low specific activity of
ttIPMDH at room temperature is due to its
conformationd rigidity.

Rubredoxin from Pyrococcus furiosus
(pRdx) is the most thermostable protein
characterized to date, with an extrapolated
T,, value of amost 200°C and an estimated
global unfolding rate of 106 st at 100°C
(Hiller et al., 1997; Cavagnero et al., 1998;

cf. Section 11.C). Hernandez et a. (2000)
monitored the magnetization transfer rate of
H gpins migrating between the *H,O and
IHN frequencies in order to quantify the
exchange of individual amide hydrogens.
The Zn?* form of *N-labeled pRdx was
investigated at pH-valuesfrom 7.17t0 12.51
andat 3°C, 28°C, and 53°C. The EX, mecha-
nism was verified for the mgjority of the
protein amides. Surprisingly, conformational
fluctuations that led to hydrogen bond rup-
ture and access of solvent occur in the mil-
lisecond time scale throughout the entire
protein. At 28°C, thelocal opening ratesk,,,
(cf. Equation 13) are about 10 s* on aver-
age and about 70 s for the slowest ex-
changing hydrogens. The corresponding
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FIGURE 12. Flexibilities of elPMDH and ttIPMDH at various temperatures. (a) At 25°C, the
structure of elPMDH is more flexible than that of ttiIPMDH. (b) The structures of elPMDH
at 48°C and of ttIPMDH at 70°C are comparably flexible. H/D exchange data, summarized
in the form of relaxation spectra for both elPMDH (A, pD = 7.15; [], pD = 8.15) and ttiPMDH
(V, pD =7.15; O, pD = 8.15). Xis the fraction of unexchanged peptide hydrogens, tis the
time, and k, is the chemical exchange rate constant. The solid lines represent the exchange
rate curves for hypothetical polypeptides characterized by the indicated p values, which are
a measure for the probability of solvent exposure of the peptide groups. (Reprinted with
permission from Zavodszky, P., Kardos, J., Svingor, and Petsko, G. A. Proc. Natl. Acad.
Sci. USA 95:; 7406-7411. Copyright (1998) National Academy of Sciences, U.S.A.)
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amide protection factors for pRdx are typi-
cal of those observed for alarge number of
mesophilic proteins. As a consequence, the
microstability of thishyperthermophilic pro-
tein isindistinguishable from that of typical
mesophilic proteins. Also, thelocal opening
ratesin pRdx of about 10° s' at 28°C arein
marked contrast to the global unfolding rate
of 10° st at 100°C, that is, conformational
fluctuations required for amide exchanged
monitored herein and conformational fluc-
tuations required for global unfolding must
be very weakly coupled.

These results are in striking contrast to
what has been discussed abovefor el PMDH
and ttIPMDH (Zavodszky et al., 1998). The
reasons for this discrepancy are not clear,
but the damaging of pRdx or drastic alter-
ations of the dynamics at the applied ex-
tremely high pH values have been discussed
(Jaenicke, 2000). On the other hand, there
are extremely stable enzymes from
hyperthermophiles that are catalytically
highly active at low temperatures (Sterner
et a., 1996), suggesting that flexibility at
the active site and overall stability of the
protein are not necessarily mutually exclu-
sive. Along these lines, it has been shown
for a number of enzymes, either by site-
directed mutagenesis or by directed evolu-
tion, that high catalytic activity at low tem-
peratures and high thermostability can be
combined in the same enzyme (van den
Burg et d., 1998; Giver et al., 1998; Will-
iams et a., 1999; Song and Rhee, 2000;
Lehmann et a., 2000).

The rarely found combination of high
thermostability and high catalytic activity at
low temperature in native enzymes s prob-
ably dueto lacking evolutionary constraints
(Miyazaki et al., 2000). Enzymes in psy-
chrophilic or mesophilic organisms are un-
der no selective pressure to be stable at
elevated temperature. Similarly, the activi-
ties of hyperthermophilic enzymes at low
temperatures normally need not be high.
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Otherwise, hyperthermophilic enzymes
would be much more efficient catalyststhan
their mesophilic homologues at the corre-
sponding physiological temperatures, due
to the inevitable acceleration of chemical
reactions with increasing temperature.

VII. PROTEIN
THERMOSTABILITY IN VIVO

Considering the high energetic cost of
protein synthesis, keeping proteins in the
native state isfavorable compared with new
synthesis. Exceptions are proteins that, due
to the needs of metabolic regulation, have
to be turned over rapidly. The need to stabi-
lize proteins obviously becomes more im-
portant the closer the temperature approaches
(1) the upper growth limit of an organism
and (2) the temperature range where ther-
mal decomposition of amino acids and the
protein backbone become significant. Dur-
ing evolution of cellular life, mechanisms
have been developed to enhance the in vivo
stability of proteins beyond their intrinsic
stability by additional factors such as so-
phisticated molecular chaperone machines,
protein repair enzymes and high concentra-
tions of small stabilizing solutes.

A. Chaperones Aid in Folding
and Refolding Under Heat Stress

Chaperones play essential roles in
prokaryotic aswell as eukaryotic cells. They
are involved in the proper folding of newly
synthesized proteins and of polypeptides
trandocated through membranes, they can
prevent misfolding and aid in the refolding
of denatured proteins. Some chaperones ac-
tively unfold misfolded proteins, thereby rout-
ing them either to a correct fold or to pro-
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teolytic degradation (Horwich et al., 1999).
Chaperones bel ong to the class of heat-shock
proteins (Hsp), because their synthesisin the
cell is often induced by a temperature up-
shift. Typicaly, the action of cytoplasmic
chaperonesis dependent on the hydrolysis of
ATP. Chaperones are named according to
their subunit masses in kilodaltons (Hsp100,
Hsp90, Hsp70, Hsp60, Hsp40, and small
Hsps). Most information is available for the
Hsp70 and the Hsp60 chaperone families.
The Hsp60 chaperons, which are also called
chaperonins, form large double-ring assem-
blies with a central cavity. Folding that is
assisted by either of the mgor chaperone
systems, Hsp70 or Hsp60, may require mul-
tiple rounds of polypeptide binding and re-
lease (Bukau and Horwich, 1998; Netzer and
Hartl, 1998; Macario et a., 1999).

It appearsthat chaperones play acrucial
role near the upper temperature border of
hyperthermophilic life. Pyrodictium
occultum has optimum and maximum
growth temperatures of 105 and 110°C, re-
spectively. At 108°C, heat-induced protein
synthesis results in the overproduction of a
16-subunit chaperone to approximately 80%
of the soluble cellular protein (Phippset al.,
1993). The extremely high concentration of
this“thermosome” indicates that the organ-
ism must spend a substantial proportion of
its metabolic energy for the folding and
refolding of its proteins. Heat-induced syn-
thesis of chaperonins has also been reported
for Archaeoglobus fulgidus and Sulfolobus
shibatae (Emmerhoff et al., 1998; Kagawa
et al., 1995), but was not observed in
Methanopyruskandleri (Minuthet al., 1999).
In the following sections, the state of our
knowledge about chaperone distribution,
structure, and function is summarized, with
an emphasis on chaperones found in ex-
treme thermophiles. A more general over-
view isgiven only for the Hsp70 and Hsp60
chaperones, but reference to other chaper-
ones is made where appropriate.

1. Hsp70

Hsp70 homologuesarefoundin all three
domains of life, the Eucarya (in the cytosol,
mitochondria, chloroplasts, and endoplas-
mic reticulum), the Bacteria and the
Archaea, although this chaperone class is
not present in all archaea (see below). In
bacteria, the alternate name DnaK is often
used instead of Hsp70. Hsp70 chaperones
have a multitude of functions, including the
binding and assistance in folding of nascent
polypeptide chains, prevention of aggregea-
tion, refolding of misfolded proteins, oligo-
mer disassembly, and assistance in translo-
cation of peptide chains through organelle
membranes (Bukau and Horwich, 1998;
Deuerling et a., 1999; Hesterkamp and
Bukau, 1998; Mogk et al, 1999; Schrider et
al., 1993). Hsp70 chaperones have a deter-
gent-like function, separating hydrophobic
peptide regions, either as they appear on
nascent chains during trandlation, or after
aggregation. Nucleotide binding and hy-
drolysis, which is modulated by co-chaper-
ones, is crucia for peptide binding and re-
lease (Bukau and Horwich, 1998). The
concerted function of Hsp70 (DnaK) with
the co-chaperone Hsp40 (Dnal) and the
nucleotide-exchange factor GrpE is well
documented for the bacterial system (Netzer
and Hartl, 1998; Rudiger et al., 1997), but
littleinformation isavailablefor the archaea.
At 30 to 37°C, DnaK from E.coli can be
functionally replaced by the ribosome-asso-
ciated chaperone and peptidyl-prolyl cis/
trans isomerase trigger factor (Deuerling et
al., 1999; Teter et a., 1999). Under stress
conditions, however, DnaK is required for
cell survival and for the refolding of certain
denatured proteins (Hesterkamp and Bukau,
1998; Schroder et al., 1993).

Some archaea, such as Methanobacte-
rium thermoautotrophicum or Thermo-
plasma acidophilum, possessHsp70 (DnaK),
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which, like in the bacteria, are encoded by
genes clustered together with Hsp40(Dnal)
and GrpE gene homologues. Other archaea,
including al of the most thermophilic rep-
resentatives of this domain (genera
Sulfolobus, Methanococcus, Meth-another -
mus, Archaeoglobus, Desulfur-ococcus,
Thermococcus, Methanopyrus, Pyrococcus,
Pyrobaculum, Aeropyrum) have no Hsp70-
homol ogue encoding genesin their genomes
(Gribaldo et al., 1999; Macarioet a., 1999).
A different and structurally unrelated chap-
erone may fulfill Hsp70-equivalent func-
tions in these species (Leroux et a., 1999;
Siegert et a., 2000). In contrast, thermo-
philic and hyperthermo-philic bacteria, in-
cluding the genera Thermus, Thermotoga,
and Aquifex, contain Hsp70 homologues
(Macario et al., 1999; genome sequence
data). The question whether archaea lack-
ing Hsp70 contain afunctional equivalentis
especially important when considering the
cooperation of Hsp70 with other chaperone
systems, for example, with Hsp60 (GroEL )
asdemonstrated for E. coli, or with Hsp100/
Clp as demonstrated for E. coli and yeast
(see below).

2. Hsp60

The Hsp60 (chaperonin) complexes of
bacteria are composed of two heptameric
ringsof GroEL subunits, which form afunc-
tional complex with one heptameric ring of
the co-chaperone GroES. The GroEL
chaperonin resemblesahollow cylinder, the
central cavity of which can accommodate a
single polypeptide with a maximum size of
about 55 kDa (Netzer and Hartl, 1998).
Binding of the substrate protein takes place
viahydrophobic patches on theinside of the
cylinder. Binding of ATP and sealing of the
entrance hole results in a dramatic
conformational change, releasing the
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polypeptide into an isolated hydrophilic
compartment (‘Anfinsen cage’ or folding
cage). Here, folding can take place in an
environment that shields the nascent
polypeptide chain from aggregation with
other macromolecules in the cytosol.
GroEL/GroES may cooperate with the
Hsp70(DnaK)/Hsp40(Dnald)/GrpE systemto
assure correct folding, whereby the Hsp70
system maintains the polypeptide in afold-
ing-competent state and the final steps are
facilitated by GroEL/GroES. No comparable
interactions between the corresponding
Hsp70 and Hsp60 systems of the eukaryotic
cytosol were found. Interaction of Hsp60
and Hsp70 in those archaeal species con-
taining Hsp70 has not been explored yet
(Macario et al., 1999; Netzer and Hartl,
1998).

The Hsp60 complexes of thermophilic
and hyperthermophilic archaea are called
thermosomes. They werefound in anumber
of species such as Thermoplasma acido-
philum, Pyrodictium occultum, Pyrodictium
brockii, Pyrococcus sp., Methanococcus
jannashii, Methanopyrus kandleri, Sulfolo-
bus solfataricus, and Thermococcus sp.
(Andra et al., 1998; Gutsche et a., 1999;
Joachimiak et al., 1997; Kowalski et al.,
1998; Minuth et al., 1998, 1999; Quaite-
Randall et al., 1995 ; Waldmann et al., 1995;
Yanetal., 1997; Yoshidaet ., 1997). The
cloning of homologous hsp60 genes and
their detection in whole genome sequencing
projects indicate that similar chaperonins
also exist in the following thermophilic
archaea: Archaeoglobus fulgidus, Methano-
coccus jannaschii, Methanococcus thermo-
lithotrophicus, Methanobacterium thermo-
autotrophicum, Desulfurococcus sp.,
Pyrobaculum aerophilum, Aeropyrum
pernix, Pyrococcus furiosus, Pyrococcus
kodakaraensis, Pyrococcus abyssi, Qulfolo-
bus acidocaldarius, and S. shibatae
(Archibald et al., 1999 ; Macario et a.,
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1999). Archaeal thermosomes have compa-
rable functional properties astheir bacterial
Hsp60 counterparts. They consist of mul-
tiple subunitsthat form double-stacked rings,
display ATPase activity and bind unspe-
cifically to nonnative proteinsinvitro (André
et al., 1998; Furutani et al., 1998; Minuth et
al., 1998, 1999; Yan et d., 1997). However,
striking structural differences exist between
the thermosomes and bacterial Hsp60 com-
plexes such as GroEL from E. coli. The
layers of the archaeal Hsp60s contain eight
or nine subunitsthat belong to 2 to 3 differ-
ent but related types (Archibald et a., 1999).
Thus, the archaeal thermosome structures
are similar to chaperonin complexes found
inthe cytosol of eucaryotes, which are called
“cytosolic chaperonin containing TCP-1
(CCT) or TCP-1 ring complex” (TRiC)
(TCP-1 standsfor ‘taillesscomplex polypep-
tide 1'). TRIC consists of eight different
subunitsin contrast to the homo-oligomeric
heptamer rings of bacterial GroEL. Also,
thermosome action does not depend on a
GroES-like co-chaperonin ring, which forms
alid that alternatively seals either the top or
the bottom side of the GroEL barrel. In-
stead, in the Thermoplasma thermosome,
access to the central cavity appears to be
controlled by a built-in lid consisting of
protrusionsof the apical chaperonin domains
(Klumpp et al., 1997; Ditzel et al., 1998).
Also in this respect the archaeal Hsp60
chaperonins more closely resemble the
chaperonin of the eukaryotic cytosol. The
type of chaperonin present in the eucarya
and archaeaiscalled group |1 chaperonin to
differentiate it from the GroEL/GroES-like
group | chaperonin of the bacteria
Hyperthermophilic aswell asmesophilic
archaea contain the group Il chaperonin
complex, suggesting that it is not a specific
adaptation to high temperatures. Along these
lines, the genomes of the hyperthermophilic
bacteria Thermotoga maritima and Aquifex
aeolicus both contain gene homologues of

group | chaperonin systems, just like the
nonthermophilic bacteria (Deckert et al.,
1998; Nelson et al., 1999). Group ||
chaperonins interact with the recently dis-
covered ‘prefoldin’ (GimC), an ATP-inde-
pendent chaperone that may fulfill Hsp70-
equivalent functions in the archaea. Gene
homologues for thisfactor are present in al
archaea but are missing in the bacteria
(Siegers et al., 1999; Leroux et al., 1999;
Leroux and Hartl, 2000). GimC exists as a
hexameric complex and, in contrast to
GroES, has its own chaperone activity in
that it can bind to and stabilize nonnative
proteins (Siegers et a., 1999). Apparently,
flexible tentacle-like protrusions, which
expose hydrophobic patches at their tips,
are involved in the binding of nonnative
peptide segments by GimC (Siegert et al.,
2000). The precise role of GimC during its
interaction with group Il chaperoninsin the
course of protein folding remains to be de-
fined.

Recent work also points to strong dif-
ferences between group | and group Il
chaperonins with respect to their alosteric
properties and their nucleotide binding/hy-
drolysis reaction cycle. In contrast to group
| chaperonins, no cooperativity of nucle-
otide binding to the Ther moplasma thermo-
some was observed. This thermosome,
which consists of two different subunit types,
apparently has two classes of ATP-binding
sites with different binding affinity. ATP
hydrolysis, rather than ATP binding as ob-
served with GroEL/GroES, triggers the clo-
sure of the thermosome folding cage
(Gutsche et al., 2000a,b).

Relatively littleis known about the func-
tional mechanisms of thermosomes from
hyperthermophiles. The Pyrodictium
occultum thermosome is composed of two
octameric rings, each consisting of alternat-
ing a and 3 subunits. In vitro studies showed
that homo- and hetero-oligomeric formscon-
sisting of the a and/or 3 subunits can interact
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with non-native protein substrates and pre-
vent their irreversible aggregation. However,
release of the bound proteins from the
chaperonin-substrate complexeswas not pos-
sible, and binding could not be modulated by
Mg-ATP under in vitro assay conditions
(Minuth et al., 1998). Similarly, the homo-
hexadecameric thermosome of Methanopyrus
kandleri displayed chaperone-like activity in
vitro, but led to the production of dead end
complexeswith nonnative substrates (Minuth
et a., 1999). These experiments, however,
were carried out with heterologous, mostly
mesophilic substrate proteins, and far below
the optimum growth temperatures of the
thermosome-producing organisms. Thus, fur-
ther experimentswith physiological substrates
at high temperatures are necessary. How-
ever, the available protein substrates from
extreme thermophiles often appear to be
unsuited, either becausethey aretoo stableto
be unfolded, or because their high refolding
rates pose problems for kinetic analyses
(Minuth et al., 1999).

3. Prevention of Protein
Aggregation Under Thermal
Stress

Molecular chaperones can prevent the
aggregation of proteinsthat unfold after expo-
sureof thecell to hightemperature. Thisfunc-
tion of chaperones explains why the expres-
sion of many chaperone genesisinduced by a
temperature up-shift. Clearly, not al proteins
require protection against aggregation, assome
resst thermal unfolding at temperatures well
above the maxiumum growth temperature of
the producing organism (Pfeil et al., 1997;
Wassenberg et d., 1997, 2000). However, even
if only a few essentia proteins are prone to
aggregation under heat stress, the cell must
provide an efficient antiaggregation/refolding
apparatus in order to survive a temperature
up-shift. The Situation probably gets more
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severe as the temperature approaches the up-
per limit for growth of an organism.

It has been estimated that about 10 to
15% of the E. coli proteins were denatured
and aggregated during a 15-min incubation
of cell extracts at 45°C, a temperature that
still promotes growth of this organism
(Goloubinoff et al., 1999; Mogk et a., 1999).
The aggregated protein fraction consisted
of about 250 protein species. Aggregation
of most proteins was at least partially pre-
vented by addition of DnaK to the extracts
before heat treatment. Also, the exposure of
a/AdnakK::cat strain to amild heat shock (60
min at 42°C) resulted in strong protein ag-
gregation in vivo, as detected by two-di-
mensional gel electrophoresis. In contrast,
in DnaK-containing wild-type cells no ag-
gregation was detected (Mogk et a., 1999).

Similar experiments carried out with
strains containing mutationsin other chaper-
one genes (knockout mutations in clpB,
ibpAB, htpG; conditional mutationsingroEL)
indicated that the DnaK system is the most
effective chaperone system in preventing
protein aggregation in E. coli cells. Mass
spectrometric analysis of anumber of aggre-
gated proteins from the heat-shocked
AdnaK::cat strain showed that 80% of the
large (=90 kDa) proteins were thermolabile,
aggregation-prone, and substrates for Dnak.
In contrast, only 18% of the small (<30 kDa)
proteins showed a heat-induced tendency to
aggregate (Mogk et al., 1999). The fact that
most large proteins tend to denature and ag-
gregate even under mild heat shock condi-
tions underscores the importance of an effi-
cient chaperone system for cell survival.

4. Solubilization and Refolding
of Aggregated Proteins

Protein unfolding is an important func-
tion of chaperones and chaperone networks.
On the one hand, unfolding is important to
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feed misfolded and denatured proteins into
the cellular protein degradation system
(Horwich et al., 1999; Weber-Ban et d.,
1999). On the other hand, protein unfolding
induced by chaperones could be beneficial
for organisms when growing near their up-
per temperature limit, because it offers ag-
gregated proteins a new chance for proper
folding. For the bacterial GroEL chaperonin
system it has been suggested that unfolding
could occur during the release of the
multivalently bound polypeptide substrate
viatwisting movements of GroEL domains
brought about by binding of ATP-GroES
(Bukau and Horwich, 1998; L orimer, 1997,
Roseman et al., 1996; Shtilerman et a.,
1999). The unfolding function may be of
genera relevance for GroEL -aided protein
folding, but its possible role in the manage-
ment of heat-induced damage is unclear,
because GroEL/GroES-mediated reactiva-
tion of substrate enzymes in vitro depends
on a large molar excess of chaperones
(Veinger et a., 1998; Ziemienowicz et al.,
1993). Thermophilic archaeal group Il
chaperonins apparently also undergo dra-
matic domain rotations during their func-
tional cycle (Gutsche et al., 2000c; Schoen
et a., 2000), which makes it plausible that
they can also mediate unfolding reactions.
However, in this case the substrate binding
patches on the inside chaperonin wall have
not yet been mapped.

Recent work has demonstrated the re-
markable unfoldase activity of members
of the Hsp100/Clp family of chaperones
inyeast and in E. coli, and their coopera-
tion with the Hsp70 chaperone system to
solubilize and subsequently refold previ-
ously aggregated proteins (Glover and
Lindquist, 1998; Goloubinoff et a., 1999;
Mogk et al., 1999; Weber-Ban et al.,
1999). Protein aggregates are first bound
by ClpB, and an ATP-triggered structural
change leads to the presentation of hydro-
phobic aggregate regions that are subse-

quently solubilized by the DnaK system
(Figure 13). The broad substrate spectrum
of this system was demonstrated by the
efficient solubilization (55%) of a num-
ber of aggregated model enzymes, such as
mitochondrial malate dehydrogenase, fire-
fly luciferase, glucose-6-phosphate dehy-
drogenase, and a-glucosidase. In the ab-
sence of ClpB, the DnaK system was able
to solubilze only 5 to 6% of the aggre-
gated proteins (Goloubinoff et al., 1999).
Synergistic cooperation was also demon-
strated for ClpB and the DnaK system of
the extremely thermophilic bacterium
Thermus thermophilus. In vitro, the DnakK
system (DnaK, Dnal, GrpE and ATP)
suppressed heat-induced aggregation of
substrate proteins, and efficient reactiva-
tion was observed in the presence of the
Thermus ClpB homologue (Motohashi et
a., 1999). Furthermore, the addition of
Thermus chaperonin improved the yield
of reactivation (Watanabe et al., 2000).
Interestingly, the T. thermophilus ClpB
homologue is encoded within the dnakK
region, in agene cluster that also contains
the genes for DnaK, DnaJ, GrpE, and
DafA. DafA (DnaK-Dnal assembly fac-
tor) is part of a peculiar DnaK;-Dnal;-
DafA, trigonal ring complex found in this
thermophilic organism (Motohashi et al.,
1999). Apparently, DafA stabilizes the
inactive ternary complex until it is re-
placed by a substrate protein, yielding a
DnaK-substrate-Dnal complex, which is
the active chaperone species (Klostermeier
et al., 1999). At present it is unclear
whether similar ClpB-Hsp70 networks
exist in other extreme thermophiles. The
genomes of the hyperthermophilic bacte-
ria Thermotoga maritima and Aquifex
aeolicus have the coding capacity for ho-
mologues of the Hsp70 system as well as
for ClpB, but there are no experimental
data on their function and possible coop-
eration. To our knowledge no ClpB ho-
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folded protein

FIGURE 13. Model for the cooperative and sequential action of the
chaperone ClpB with the chaperone system DnaJ-DnaK-GrpE of
E. colifor the catalytic solubilization and refolding of protein aggre-
gates. (Reprinted with permission from Goloubinoff, P., Mogk, A.,
Peres Ben Zvi, A., Tomoyasu, T., and Bukau, B. Proc. Natl. Acad.
Sci. USA 96:13732-13737. Copyright (1999) National Academy of
Sciences, U.S.A))

RIGHTS LI N Ki}



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

mologues have been found in the archaea
so far.

5. Small Heat Shock Proteins

Aninteresting but not well-studied group
of chaperonesarethea-crystallin-like small
heat shock proteins (sHsp), exemplified in
the Bacteria and the Archaea by E. coli
IbpA and IbpB, and Methanococcus
jannaschii Hsp16.5, respectively. Structural
information is available for some sHsps
(Haley et al., 2000; Kim et al., 19984).
M. jannaschii sHsp is organized as a 24-
subunit homo-multimeric hollow sphere
with small ‘windows . Proteinsfrom E. coli
extracts containing the M. jannaschii sHsp
remained soluble up to 100°C, while pro-
teins in sHsp-free extracts precipitated at
60°C. Also, purified proteinswere protected
from aggregation in vitro (Kim et a.,
1998a,b). E. coli IbpB prevented the irre-
versible aggregation of heat-denatured
malate dehydrogenase and chemically de-
natured lactate dehydrogenase. This sHsp
aidsinrefolding substrate proteins by deliv-
ering them to the DnakK/DnaJ/ GrpE chaper-
one system (Veinger et al., 1998). Details of
the functional mechanism of sHsps remain
to be elucidated.

6. Summary

Our knowledge about chaperone action
is rapidly advancing, in particular in the ex-
citing area of how different chaperone sys-
temscooperate synergistically with each other
to fold, unfold, disaggregate, solubilize, and
reactivate proteins. The fact that the produc-
tion of many chaperonesisinduced after heat
shock clearly demonstrates that they areim-
portant to cope with this stressor. It is plau-

sible that they become more and more im-
portant as an organism grows at its upper
temperature limit, where at least part of its
proteins undergo heat denaturation at a sig-
nificant rate. Proteins and protein complexes
with chaperone-like properties have been
found in various (hyper)thermophilic micro-
organisms, and significant progress made in
recent years sheds light on their structura
and functional characteristics. However, only
little information is available about their role
in vivo at temperatures near the upper tem-
perature border of life.

B. Protein Repair Enzymes

In asense chaperones can beregarded as
repair enzymes, because they can catayze
the refolding of misfolded polypeptides (see
above). A different category of protein repair
enzymes can counteract detrimental covalent
modifications of polypeptides, which take
place at considerable rates at the high physi-
ological temperatures of thermophiles and
hyperthermophiles. Such modifications in-
clude deamidation of the amide side chain of
Asn and GIn residues, succinimide forma-
tion at Glu and Asp residues, and oxidation
of His, Met, Cys, Trp, and Tyr residues
(Daniel et al., 1996; Geiger and Clarke, 1987,
Stephenson and Clarke, 1989). A particular
problem isthe deamidation of the side chains
of Asn and GIn residues, and, as a conse-
guence, the fraction of these amino acids is
significantly decreased in hyperthermophilic
proteins (Section I11.A). The deamidation of
Asn residuesisinitiated by the formation of
a succinimide ring. This ring is hydrolyzed
in aqueous solution to yield aspartyl as well
asisoaspartyl residues, which disturb the pro-
tein backbone. ThereactionispH dependent,
and the nature of neighboring amino acid
residues can affect the rate of deamidation
(Wright, 1991). Inmesophilic, actively grow-
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ing cellsdeamidation ratesare normally sow
and thus can be compensated by normal pro-
tein turnover, but in nongrowing cells such
as spores, stationary phase cells, and at el-
evated temperature deamidated proteins can
accumul ate.

The susceptibility of a protein to
deamidation and other degradative reactions
is linked to its conformationa integrity. For
example, when compared with the native en-
zyme, denatured glycerd dehyde-3-phosphate
dehydrogenase from Pyrococcus woesal dis-
played an increased rate of deamidation at
100°C, just like a labilized mutant form of
glyceraldehyde-3-phosphate dehydrogenase
from Methanothermus fervidus (Hensel and
Jakab, 1994). It appears that most of the vul-
nerable residues are more or less well pro-
tected in the native polypeptide and that irre-
versible deamidation, which can cause protein
inactivation (Brennan et d., 1994; Hayes and
Setlow, 1997), occurs preferably in the un-
folded state of a protein (Section 11.B and
Equation 12). The rate of deamidation can
become very high at physiological tempera-
tures of hyperthermophiles and pose aserious
problem for protein stability in vivo.

The enzyme L-isoaspartyl O-methyl-
transferase counteracts the accumulation
of abnormal isoaspartyl residues formed
by the deamidation of proteins. It cata-
lyzes the transfer of a methyl group from
S-adenosylmethionine to the a-carboxyl
group of L-isoaspartyl residues to initiate
the ‘repair’ of these residues to aspartyl
residues (Brennan et al., 1994; Johnson et
a., 1987). The reactions following the
enzymatic L-isoaspartyl methylation are
nonenzymatic. Spontaneous demethy-
lation occurs to yield a cyclic aspartyl
imide intermediate, which subsequently
becomes hydrolyzed to a mixture of
L-isoaspartyl and r-aspartyl residues
(Johnson et al., 1987). These reactions
convert the abnormal isopeptide bond to a
normal peptide bond. However, the aspar-
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agine side chain amide is not restored.
L-isoaspartyl methyltransferase is a con-
served protein that has been identified in
animals, plants, and bacteria. E. coli mu-
tants lacking this enzyme are affected in
stationary-phase survival and heat-shock
resistance (Li and Clarke, 1992). Homol o-
gous genes were also identified in
hyperthermophilic bacteria and archaea
(Ichikawa and Clarke, 1998). The corre-
sponding gene from Thermotoga maritima
was expressed heterologously, and the
gene product was purified and character-
ized. The enzyme is extremely resistant
against thermoinactivation, as it retains
its full catalytic activity after an incuba-
tion at 100°C for 60 min. Remarkably, the
enzyme displayed a nearly 20-fold higher
specific activity at the physiological tem-
perature of 85°C than mesophilic enzymes
at 37°C (Ichikawa and Clarke, 1998).
L-isoaspartyl methyltransferase might thus
be important for the avoidance of protein
inactivation during growth of Thermotoga
maritima at high temperature.

C. Compatible Solutes

L ow-molecular-mass solutesin the aque-
ous environment of proteins can have vari-
ous effects on protein solubility and stabil-
ity. At low concentrations, saltscan increase
protein solubility (‘salting-in’), whereas at
high concentrations salts can lead to protein
precipitation (‘ salting-out’). Also, some sol-
utes (for example, ureaor guanidinium chlo-
ride) destabilize proteins, whereas others
(for example, sucrose or glycerol) stabilize
them (Timasheff, 1993, 1995). All these
effectsrequire ahigh concentration (usually
>1 M) of the added compound. Therefore,
the interactions involved must be nonspe-
cific and weak. Water plays an important
role here, because the effect of a particular
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compound depends on the differential affin-
ity of the protein for water and the agent
(Timasheff, 1993). The precipitating and
stabilizing compounds are preferentially
excluded from the surface of the protein,
that is, the protein has a higher affinity for
water than for these agents. As a conse-
quence, proteinsare preferentially hydrated,
which favors the native state and makes
unfolding more unfavorable. In contrast,
destabilizing agents bind more strongly than
water to proteins. Stabilizing compounds
include sugars and polyols (sucrose, treha-
lose, glycerol, mannitol, sorbitol), amino
acids (proline, glycine), methyl amines (sar-
cosine, trimethylamine-N-oxide, glycine
betaine), tetrahydropyrimidine derivatives
(ectoins), some salting-out salts (Timasheff,
1995; Knapp et al., 1999), aswell asanum-
ber of compounds that have been found
specifically in thermophiles and hyperther-
mophiles (Figure 14).

Many organisms accumul ate high concen-
trations of organic solutes in response to stress
conditions such as high osmolarity, desicca-
tion, freezing, or high temperature. These sol-
utesare called compatible solutes, becausethey
do not compromisevita cellular functionseven
when present at high concentrations (DaCosta
et d., 1998). Early studies deding with the
properties of enzymesfrom hyperthermophiles
demonstrated a surprisngly low in vitro resis-
tance againg thermoinactivation for some of
these proteins (Thomm et d., 1986; Fabry and
Hensd, 1987). These observations suggested
that extrinsc stabilizing compounds could be
involved in in vivo protein stabilization and
thermoadaptation of (hyper)thermaophiles and
led to the search for protective compatible sol-
utes in these organisms. In the following, the
knowledge about compatible solutes that were
recently discovered in thermophiles and
hyperthermophiles are summarized. Experi-
ments to prove that these new compatible sol-
utes are specific adaptations to life at extreme
temperatures need to demondtrate that (1) they

are important or even essentid for growth a
high temperatures, (2) they are produced or
overproduced as a response to a temperature
up-shift, and/or (3) they perform better than
other known compounds from mesophiles in
protein stabilization. Unfortunately, mutantsin
the biosynthetic pathways for the compounds
are not avallable, making it impossible to as-
sessif they are essentid. On the other hand, an
increase of the intracdlular concentration of
severd of these compounds in response to a
temperature increase has been demondirated,
and some of them protected sdected proteins
againg thermoinactivationin vitro (seebelow).
Although mainly the thermophiles and
hyperthermophiles are discussed, it should be
kept in mind that also compounds produced by
mesophiles(for example, trena ose or ectoines)
can accumulate in response to heat siress, can
increase the thermotolerance of the producing
microorganism, and can exert sabilizing ef-
fectson cdlular componentsin in vitro experi-
ments (Arguelles, 2000; Knapp et d., 1999;
Lippert and Gdinski, 1992; Main and Lapidoat,
1996).

1. Cyclic 2,3-Diphosphoglycerate

Cyclic 2,3-diphosphoglycerate (cDPG;
Figure 14a) was first detected in the mod-
erately thermophlic bacterium Methano-
bacterium thermoautotrophicum (Kanodia
and Roberts, 1983; Seely and Fahrney,
1983). In some hyperthermophilic
methanogens, including (growth tempera-
tures in parenthesis) Methanothermus
fervidus (84°C), Methanothermus sociabilis
(88°C), and Methanopyruskandleri (98°C),
cDPG accumulatesto concentrations of 300
mM, 320 mM, and about 1 M, respectively
(Hensel and Konig, 1988; Martins et al.,
1997). cDPG at lower concentrations was
detected in Pyrococcus woesel, and the
available genome sequence data suggest
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FIGURE 14. Compatible solutes from (hyper)thermophiles. (a) Cyclic 2,3-diphosphoglycerate,
(b) diglycerol phosphate, (c) di-myo-inositol-1,1'-phosphate, (d) di-2-O-B-mannosyl-di-myo-
inositol-1,1'-phosphate, (e) B-galactopyranosyl-5-hydroxylysine, (f) a-mannosylglycerate

and a-mannosylglyceramide.

that Pyrococcus horikoshii is aso able to
synthesize this compound. Thus, cDPG pro-
ductionisnot restricted to the methanogenic
Euryarchaeota (Matussek et al., 1998). In
Methanother mus fervidus the intracellular
concentrations of the trianionic cDPG and
of its potassium counter-cation increase
with increasing temperature, up to the op-
timum growth temperature of 84°C (Hensel
and Konig, 1988). In vitro experiments
demonstrated that 300 mM potassium-
cDPG increased the half-lives at 90°C of
mal ate dehydrogenase and glyceraldehyde-
3-phosphate dehydrogenase from Methano-
thermus fervidus from 8 min to 16 h and
from 1.5 minto 3.5 h, respectively. In con-
trast, mesophilic rabbit glyceraldehyde-3-
phosphate dehydrogenase was not stabi-
lized by potassium-cDPG (Hensel and
Konig, 1988). The rapid inactivation of
formyltransferase from Methanopyrus
kandleri in a low-salt buffer at 90°C was
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prevented by the addition of >0.5 M potas-
sium-cDPG. Potassium phosphate at >0.7
M had the same stabilizing effect on the
formyltransferase (Shimaet al., 1998). Be-
cause most of the enzymes of methano-
genesis of Methanopyrus kandleri are de-
pendent on high concentrations of
potassium phosphate or ammonium sulfate
for activity and/or stability (Shima et al.,
1998), it seems likely that these enzymes
are also stabilized by potassium-cDPG in
vivo. One reason why cDPG and not phos-
phate is present in molar concentrationsin
the cells may be that such a high phosphate
concentration would affect the ATP-form-
ing and ATP-utilizing reactions in the me-
tabolism of the hyperthermophile. By in-
creasing the phosphate concentration from
the millimolar range to 1 M, the free en-
ergy change of ATP hydrolysis would de-
crease from about —50 kJ/mol to about —30
kJmol (Shima et al., 1998)
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2. Diglycerol Phosphate

Diglycerol phosphate (1,1'-Diglyceryl
phosphate, DGP; Figure 14b) is the main
compatible solute found in Archaeoglobus
fulgidus under conditions of salt stress. Its
highest observed intracel lular concentration
was about 350 mM, which was measured in
the presence of 4.5 M NaCl in the growth
medium (Martins et al., 1997; Lamosa et
al., 2000). DGP also appears to be a
thermoprotectant, because its concentration
increased about twofold when the growth
temperature was shifted from 76°C to 87°C.
However, the DGP concentration reached
under heat shock stayed below the concen-
tration reached under salt stress (Martins et
al., 1997). DGP efficiently protected
Thermococcus litoralis glutamate dehydro-
genase from thermal inactivation. After an
incubation at 95°C for 80 min, the residual
activity dropped by 80% in the absence of
stabilizing additives, but by only 15%inthe
presence of 100 mM DGP. Potassium phos-
phate at the same concentration also pro-
vided considerable, yet less efficient pro-
tection. A protective effect of DGP against
heat inactivation at 50 to 60°C was also
observed with rabbit muscle lactate dehy-
drogenase and yeast alcohol dehydrogenase
(Lamosa et al., 2000). However, in these
cases potassium phosphate had a similarly
strong stabilizing effect as potassium-DGP.

3. Derivatives of myo-Inositol
Phosphate

Variousorganic solutesderived from myo-
inositol phosphate have been found in ex-
tremethermophiles. Di-myo-inositol-1,1'(3,3)-
phosphate (Figure 14c) wasdetected in severd
hyperthermophilic archaea, including
Methanococcus igneus, Pyrococcus furiosus,

Pyrococcus woesel, Pyrodictium occultum,
Thermococcus celer, and Thermococcus
Setteri (Lamosa et d., 1998; Martins and
Santos, 1995; Martins et d., 1997; Scholz et
a., 1992), and in the hyperthermophilic bac-
terium Aquifex pyrophilus (Martins et a.,
1996). In Archaeoglobus fulgidus, di-myo-
inositol phosphate accumulated (in additionto
DGP; see above) in response to atemperature
up-shift (Martins et al., 1997). Also for
Methanococcus igneus, Pyrococcus furiosus,
Thermococcus celer, and Thermococcus
Setteri, a clear correlation between tempera-
ture increase and solute accumulation was
shown (Ciulla et a., 1994; Lamosa €t 4d.,
1998; Martins et d., 1995).

The hyperthermophilic bacteria Ther-
motoga maritima and Thermotoga neapo-
litana also contain di-myo-inositol-1,1'
(3,3)-phosphate, but additionaly di-myo-
inositol-1,3'-phosphate and di-2-O-[3-
mannosyl-di-myo-inositol-1,1'(3,3")-phos-
phate (Figure 14d) (Martins et d., 1996). At
optimum growth conditions with respect to
temperature and salinity, these compounds
were present at intracellular concentrations
between 20 and 120 mM. They could not be
detected in less thermophilic Thermotogales
species. For T. neapolitana it was shown that
salt stress (increase from 1.5t0 4.7%) aswell
asthermal stress(increasefrom 65°Ct088°C)
resultedin significantly elevated levelsof the
three myo-inositol-phosphate derivatives
mentioned before. Intriguingly, the concen-
trationsof di-myo-inositol-1,3'-phosphateand
di-2-O-B-mannosyl-di-myo-inositol-
1,1'(3,3)-phosphate, which are marginal at
“low” temperatures of 65°C and 75°C, dra-
matically increase above the optimum growth
temperature of 80°C and are the mgor com-
patible solutes in T. neapolitana between
about 85°C and 90°C (Martins et a., 1996).
Similarly, Ramakrishnan et al. (1997) re-
ported the temperature-dependent increase
of theintracellular di-myo-inositol-phosphate
level in Thermotoga maritima. Little infor-
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mation is available about specific protein
thermoprotection in vitro by myo-inositol
phosphate derivatives. Di-myo-inositol-phos-
phate was found to stabilize Pyrococcus
woesel glyceraldehyde-3-phosphate dehydro-
genase, but sodium citrate had a similar ef-
fect (Scholz et d., 1992). Di-myo-inositol-
phosphate from Thermotoga maritima was
not able to stabilize pyruvate ferredoxin oxi-
doreductase or hydrogenase of thisorganism
against heat inactivation at 90°C (Rama
krishnan et al., 1997). Nevertheless, the oc-
casionally observed heat-induced accumula-
tion of myo-inositol phosphate derivatives
suggests that these substances could be of
importance in vivo to protect proteins from
hyperthermophilic archaea and bacteria

4. B-Galactopyranosyl-5-
Hydroxylysine

-galactopyranosyl-5-hydroxylysine
(Figure 14e) is a compatible solute, which
to date was detected only in the hyperther-
mophilic archaeon Thermococcus litoralis
(Lamosaet al., 1998). The compound accu-
mulated in response to increased salinity.
Because (-galactopyranosyl-5-hydro-
xylysine was found only in cells grown in
peptone-containing media, it probably de-
rives from glycosyl-5-hydroxylysine moi-
eties from collagen that are present in pep-
tone preparations (Lamosa et a., 1998).
Therefore, it is unlikely that [3-galacto-
pyranosyl-5-hydroxylysine is a specific
thermoprotectant.

5. Mannosylglycerate and
Mannosylglyceramide

ao-Mannosylglycerate (Figure 14f) is a
compatible solute found in the hyperther-
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mophilic archaea Pyrococcus furiosus,
Pyrococcus woesei, Methanother mus
fervidus and Thermococcus litoralis, and in
the moderately or extremely thermophilic
bacteria Petrotoga myotherma, Thermus
thermophilus, and Rhodothermus marinus
(Lamosa et al., 1998; Martins et al., 1997,
Nunes et a., 1995; Silva et al., 1999). At
high salinity and low temperature, Rhodo-
thermus marinus accumulated o-manno-
sylglyceramide (Figure 14f), but it was
replaced at high temperature by
o-mannosylglycerate (Silva et al., 1999).
a-Mannosylglycerate, which has not been
found in mesophilic bacteria, is formed
mainly under salt stress (DaCosta et al.,
1998), but itsaccumulation at elevated tem-
peratures has also been reported (Silva et
al., 1999). At 500 mM concentration,
o-mannosylglycerate protected variousther-
mostabl e and thermol abile enzymesin vitro,
for example, alcohol dehydrogenase (but
not glutamate dehydrogenase) from Pyroc-
occus furiosus, glutamate dehydrogenase
from Thermotoga maritima, and rabbit
muscle lactate dehydrogenase (Ramoset al .,
1997). Because the a-mannosylglycerate
concentration used for the in vitro experi-
ments was, however, much higher than the
intracellular concentrations typically re-
ported for various organisms (Lamosa et
al., 1998; Martins and Santos, 1995; Nunes
et a., 1995; Silva et a., 1999), its protein
protecting role in vivo remains question-
able.

6. Protein and Species
Specificity of Compatible
Solutes

It has been observed that similar pro-
teins are protected to a different extent by
a given compatible solute. Along these
lines, Lamosa et al. (2000) have carried
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out a comparative study with three
rubredoxins, which are structurally simi-
lar but are stabilzed differently by potas-
sium-DGP, potassium phosphate, and
glycerol. At 90°C, all tested compounds
had only marginal effects on the stability
of Desulfovibrio desulfuricans rubredoxin.
Clostridium pasteurianum rubredoxin
showed a fourfold increased half-life in
the presence of 100 mM DGP, but was
hardly stabilized by potassium phosphate.
Desulfovibrio gigas rubredoxin showed a
3.5-fold increased half-life in the pres-
ence of 100 mM DGP, but was also stabi-
lized more than twofold by potassium
phosphate. Glycerol had no or only avery
small protective effect in al three cases
(Lamosa et al., 2000). Protein-specific
differences in the thermoprotecting effect
have also been found with other compat-
ible solutes, for example, ectoine (Lippert
and Galinski, 1992). Obviously, some pro-
teins are sufficiently intrinsically stable,
whereas others are more or less depen-
dent on extrinsic stabilization to acquire
the physiologically desirable half-livesin
vivo.

In contrast to the compatible solute-pro-
ducing thermophiles described in the pre-
ceding paragraphs, at least some thermo-
philic and hyperthermophilic organismswith
alow salt requirement do not produce sig-
nificant amounts of organic solutes at their
optimum growth temperature. It was shown
in a few cases that they fail to do so even
after a temperature up-shift. For example,
Thermotoga ther marum, Fervidobacterium
islandicum, Pyrobaculum islandicum, and
Thermococcus zlligii AN1 do not accumu-
late organic solutes during growth at 70°C,
70°C, 95°C, and 75 to 84°C, respectively
(Martins et a., 1996, 1997; Lamosa €t al.,
1998). These organisms obviously do not
need solutes as extrinsic protein stabilizers
in the cell. Therefore, the precise in vivo

roles of those compatible solutes of thermo-
philes and hyperthermophiles that are accu-
mulated as the temperature is raised await
further clarification. It has been speculated
that some solutes such as DIP, cDPG, and
mannosylglycerate, which are produced by
slightly halophilic thermophiles, may func-
tion as thermoprotectants primarily when
osmotic and high-temperature stress act si-
multaneously (Lamosa et al., 1998). How-
ever, this hypothesis has not been proven
yet.

VIIl. THERMOSTABLE ENZYMES
IN BIOTECHNOLOGY

Enzymes are used in a large variety of
applications in different fields of industry.
Clearly, in some applications extremely ther-
mostable enzymes would be very beneficial,
for example, in applications where high pro-
cess temperatures prevail (Niehaus et d.,
1999). One prominent exampleisinthestarch
industry, where starch is gelatinized at -
evated temperature to make the polysaccha
ride accessible for enzymatic attack. Ther-
mostable enzymes of interest for starch
conversion include amylases, pullulanase,
glucoamylase, glucose isomerase, branching
enzyme, and cyclodextrin glycosyltransferase
(Niehaus et d., 1999; Zeikus et d., 1998).
Another example is in the paper industry,
which isincreasingly aware of environmen-
tal risks caused by pollution of wastewater
with hazardous chemicals. Therefore, paper
manufacturers are aiming to reduce the
amount of chlorine-containing chemicals
needed for the bleaching of pulp. One of the
strategies at trial isto remove residual xylan
from the pulp with xylanases, which can sig-
nificantly reduce the amount of the subse-
quently applied bleaching agents (Viikari et
al., 1994). Xylanases useful for this
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prebleaching process should optimaly be
active at elevated temperature (>70°C) and
at akaline pH.

Also in many other industrial applica-
tions extremely (thermo-)stable enzymes
have general advantages over less stable
catalysts. Running processes at high tem-
perature will increase reaction rates, as it
will (1) improve the solubility of substrates
and products, (2) accelerate diffusion, (3)
decrease viscosity, and (4) decreasetherisk
of microbial growth with its subsequent
negative effects on the production machin-
ery as well as product yield and quality. A
highly advantageous aspect of extremely
thermostable enzymesistheir easy purifica-
tion after recombinant production in meso-
philic hosts, because simple heat treatment
of a crude cell extract typicaly removes
more than 90% of the heat-l1abile host pro-
teins. Despite al the advantages the en-
zymes from hyperthermophiles have to of-
fer, however, only one enzyme class
characterized from these organisms has
madeit through to large-scale applicationin
industry. This notable exception are ther-
mostable DNA polymerases, which are used
world-wide in academic and nonacademic
laboratories for the polymerase chain reac-
tion (PCR), one of the key methods of mod-
ern genetic engineering, DNA sequencing,
and molecular diagnostics (Niehaus et al.,
1999). Thereasonsfor the failure of most of
the hyperthermophiles’ enzymes to make it
to the market so far are multifacetted. Apart
from performing well in terms of the de-
sired catalytic activity in laboratory tests, it
must be possible to produce the enzymeson
alarge scale at alow price. In addition, the
enzymes need to fulfill a multitude of other
criteriain order to successfully competewith
established |ess thermostable enzymes that
have been found in extensive screening pro-
grams during recent decades. For example,
the applicability of an enzyme in a deter-
gent product will depend on its performance
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at different temperatures, its stability and
activity in the presence of a complex mix-
ture of detergentsand additives, and itsshelf
life in granular or liquid formulations, to
name but a few criteria

Nevertheless, the enzymes of ex-
tremely thermophilic organisms due to
their robust nature remain highly inter-
esting from an industrial point of view,
but more research in this area is neces-
sary. Asonly relatively few extreme ther-
mophiles have been analyzed in depth, it
is important to extend our knowledge
about these organisms and their enzymes.
The natural microbial diversity present
in hot habitats needs to be examined and
exploited more thoroughly in order to
find novel and highly stable biocatalysts
with the properties needed in biotechno-
logical applications. In some commer-
cial applications it would be useful to
combine the high stability inherent in
enzymes from extreme thermophileswith
high catalytic activity at moderate tem-
peratures. Along these lines, high ther-
mostability and high catalytic activity at
low temperature could be combined in
industrially interesting proteases by di-
rected evolution (Giver et al., 1998;
Miyazaki and Arnold, 1999; Miyazaki et
al., 2000; see Sections V and VI). The
technology of in vitro evolution is ex-
pected to have a large impact on the de-
velopment of industrial biocatalysts
(Arnold and Volkov, 1999).

In conclusion, the various experimen-
tal approaches and results summarized in
thisreview, including researchinthefields
of microbiology, molecular biology, bio-
chemistry, biophysical chemistry, and
structural biology, have revealed a number
of mechanisms of thermophilic adaptation
of proteins. Nevertheless, continued inter-
disciplinary efforts are necessary to de-
velop a deep understanding of how
hyperthermophilic proteins are stabilized
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intrinsically and extrinsically, and to ex-
ploit this knowledge in biotechnology.
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